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Neurodegenerative diseases (NDs) such as Alzheimer’s disease (AD), Parkinson’s 
disease (PD) or amyotrophic lateral sclerosis (ALS) are progressive brain disorders 
characterized by the accumulation of insoluble protein aggregates in neuronal cells or 
the extracellular space of patient brains. 
To elucidate potential common pathological mechanisms in different NDs, I created 
comprehensive interaction networks for various known and predicted 
neurodegenerative disease proteins (NDPs). I identified 18,663 protein-protein 
interactions (PPIs) for 449 bioinformatically selected wild-type target proteins and 22 
mutant variants of 11 known NDPs by using an automated yeast two-hybrid (Y2H) 
system. The functional analysis of the interaction partners of corresponding wild-type 
and mutant NDPs revealed strong differences in the case of all 11 NDPs and especially 
for the ALS protein TDP-43. The identified PPIs were used to generate networks for 
individual NDs such as AD or PD and to identify proteins that are connected to multiple 
NDPs. For example, I found that five neurodegenerative diseases are connected by 
four proteins (APP, ZMAT2, ZNF179 and IQSEC1) that link known NDPs such as 
huntingtin, TDP-43, parkin, ataxin-1 and SOD1. Analysis of publicly available gene 
expression data suggested that the mRNA expression of the four proteins is abnormally 
altered in brains of ND patients. Moreover, the knock-down of IQSEC1, ZNF179 or 
ZMAT2 aggravates pathogenic disease mechanisms such as aggregation of mutant 
huntingtin or TDP-43 as well as hyperphosphorylation of tau. Additionally, I identified 22 
modifiers of TDP-43 aggregation, which are members in 7 protein complexes. These 
complexes were predicted based on combined data from PPI as well as siRNA 
screenings. Finally, I found that the proteins HDAC1, pRB, HP1, BRG1 and c-MYC, 
which form one of the predicted complexes, influence TDP-43 aggregation by altering 
its mRNA expression. 
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Neurodegenerative Erkrankungen (NDs) wie Alzheimer (AD), Parkinson (PD), und 
amyotrophe lateral Sklerose (ALS) sind Hirnerkrankungen, die durch unlösliche 
Proteinaggregate in Neuronen oder im Extrazellularraum charakterisiert sind. 
In dieser Arbeit habe ich für verschiede bekannte und vorhergesagte 
neurodegenerative Krankheitsproteine (NDPs) Proteininteraktionsnetzwerke erstellt, 
um mögliche gemeinsame Krankheitsmechanismen genauer zu studieren. Mit Hilfe 
eines automatisierten Hefe-Zwei-Hybrid-Systems (Y2H) konnte ich 18.663 Protein-
Protein-Interaktionen (PPIs) für 449 wildtyp und 22 mutierte Proteine identifizieren. 
Eine genaue funktionelle Analyse der Interaktionspartner von korrespondierenden 
wildtyp und mutierten Proteinen ergab deutliche Unterschiede zum einen im Fall von 
allen untersuchten Proteinen und insbesondere im Fall vom ALS Krankheitsprotein 
TDP-43. Die identifizierten PPIs wurden außerdem verwendet um 
krankheitsspezifische Netzwerke zu erstellen und um Proteine zu identifizieren, die mit 
mehreren NDPs verbunden sind. Ich habe auf diese Weise vier Proteine (APP, 
IQSEC1, ZNF179 und ZMAT2) gefunden, die mit bekannten NDPs with Huntingtin, 
TDP-43, Parkin und Ataxin-1 interagieren und so fünf verschiedene NDs miteinander 
verbinden. Die Reduktion der mRNA Expression von IQSEC1, ZNF179 oder ZMAT2 
mit Hilfe von siRNA führte zu einer Verstärkung von pathogenen Mechanismen wie der 
Aggregation von mutiertem Huntingtin und TDP-43 sowie der Hyperphosphorylierung 
des Proteins Tau. Außerdem habe ich 22 Proteine entdeckt, die die Aggregation von 
TDP-43 deutlich verändern und außerdem Mitglieder in sieben vorhergesagten 
Proteinkomplexen sind. Die Proteinkomplexe habe ich durch Kombination von 
Interaktionsdaten und Daten eines siRNA Screenings vorhergesagt. Zusätzlich habe 
ich herausgefunden, dass die Proteine eines vorhergesagten Komplexes, nämlich 
HDAC1, pRB, HP1, BRG1 und c-MYC, die Aggregation von TDP-43 durch 
Veränderung von dessen Genexpression beeinflussen. 
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Für Margerate und Angie,  
deren Kampf um ihr Leben mich jeden Tag neu inspiriert und  





Zuerst möchte ich Prof. Dr. Erich Wanker für die Themenstellung und 
besonders für die Unterstützung bei der Ideenfindung um wieder neue Aspekte 
aus unserem riesigen Netzwerk zu zaubern. Dank ihm bin ich zu einer reiferen 
und selbstständigen Wissenschaftlerin geworden bin, die ohne viele 
Schwierigkeiten in die weite Welt hinausziehen kann. 
Ganz herzlich bedanke ich mich auch bei meinen Kollegen im Labor ohne 
deren Hilfe ich nie so viel geschafft hätte und ohne die es im Labor echt 
langweilig gewesen wäre. Mein Dank gilt vor allem Kirstin Rau und Martina 
Zenkner nicht nur in Sachen Laborarbeit, sondern besonders was lange 
Diskussionen, tolle Kinoabende und aufregendes Eishockey angeht. Ich danke 
auch Alexandra Redel dafür, dass sie mich in „ihrem“ Labor so gut 
aufgenommen hat und mal wieder einen Plan hatte, wenn ich nicht so genau 
wusste, wie ein Experiment jetzt am Besten von statten geht. In diesem 
Zusammenhang möchte ich auch Angeli Möller und Katja Mühlenberg für ihre 
Unterstützung vor und während des Schreibens meiner Doktorarbeit danken. 
Besonders Danken möchte ich auch Maliha Shah. Dank ihr kann ich jetzt jeden 
Frust und Stress einfach davonlaufen und habe auch kein Problem bei einem 
Wettkampf im Schlussfeld ins Ziel zu kommen, denn schließlich ist der Weg das 
Ziel. Ich hatte viel Spaß dabei mit dir die schönsten Ecken Europas zu erkunden 
und schätze dich als eine meiner besten Freundinnen. 
Außerdem danke ich meinem Bruder für stundenlange Gespräche am Telefon 
über Gott und die Welt, aber doch meistens über Computer und andere 
technische Geräte. Ich verdanke ihm meine Liebe zu Mathematik, Informatik 
und Science Fiction, ohne die diese Arbeit niemals entstanden wäre. 
Ganz besonders danken möchte ich natürlich auch meinen Eltern, besonders 
für ihre jahrelange Unterstützung aller Art und dass sie mir die Freiheit und 
Möglichkeit gegeben haben, schon ganz früh die Welt zu erkunden. Dank euch 
bin ich zu dem Mensch geworden, der ich heute bin, und habe meine Liebe für 
die Wissenschaft entdeckt. 
Besonderen Dank gilt auch meiner großen Liebe Patrick, für sein Verständnis, 
das Aushalten meiner kleinen Vulkanausbrüche, aufbauende Worte während 
aller Krisenzeiten, die tollen Kurzreisen um mal wieder Stress abzubauen und 





1 Introduction .................................................................................................. 1 
1.1 Neurodegenerative diseases ................................................................... 1 
1.1.1 Common pathogenic characteristics and molecular mechanisms  
of neurodegenerative diseases ..................................................... 1 
1.1.2 Alzheimer’s disease ...................................................................... 8 
1.1.3 Amyotrophic lateral sclerosis....................................................... 11 
1.2 Protein-protein interaction studies for neurodegenerative disease 
proteins .................................................................................................. 14 
1.2.1 Single protein interaction studies ................................................ 14 
1.2.2 Protein-protein interaction studies for multiple NDPs .................. 15 
1.2.3 Studies analyzing PPI networks for proteins causing several 
different neurodegenerative diseases ......................................... 16 
1.3 Aims of the thesis .................................................................................. 17 
2 Results ........................................................................................................ 18 
2.1 Generating protein-protein interaction networks for neurodegenerative 
diseases using an automated yeast two-hybrid system......................... 18 
2.1.1 Prediction of 3,711 neurodegenerative disease-related target 
genes .......................................................................................... 18 
2.1.2 Analysis of genes selected for systematic interaction screens.... 21 
2.1.3 Selection of mutant variants for yeast two-hybrid screens .......... 23 
2.1.4 Identification of protein-protein interactions with the Y2H  
method ........................................................................................ 26 
2.1.5 Predicting high confidence Y2H interactions ............................... 29 
2.1.6 Validation of Y2H interactions in mammalian cells with LUMIER 31 
2.1.7 PHF19 specifically interacts with mutant TDP-43 in mammalian 
cells ............................................................................................. 33 
2.1.8 Validation of high-confidence TDP-43 interactions by co-
immunoprecipitation experiments................................................ 35 
2.2 Bioinformatic analyses of high confidence PPI networks for 
neurodegenerative diseases.................................................................. 36 
2.2.1 Comparison of the wild-type and mutant Y2H PPI networks ....... 37 
2.2.2 Identification of functionally distinct interaction partners for  
wild-type and mutant neurodegenerative disease proteins ......... 41 
2.2.3 Connecting neurodegenerative disease proteins via common  
HC interaction partners ............................................................... 44 
2.3 Investigating the functional role of IQSEC1, ZNF179 and ZMAT2 in 
neurodegenerative disease processes .................................................. 47 
2.3.1 Knock-down of IQSEC1, ZNF179 and ZMAT2 alters the mRNA 
expression of several neurodegenerative disease proteins......... 47 
2.3.2 Silencing of IQSEC1, ZNF179 and ZMAT2 increases huntingtin, 
ataxin-1 and TDP-43 aggregation ............................................... 49 
2.3.3 Knock-down of endogenous IQSEC1, ZNF179 and ZMAT2 
influences Alzheimer’s disease-related pathogenic  
mechanisms ................................................................................ 50 
2.4 The identification of TDP-43 aggregation modifiers with siRNA 
experiments ........................................................................................... 54 
2.4.1 Generating a C-terminal TDP-43 fragment (TDP-43_CT) and the 
development of a FRET-based TDP-43 aggregation assay ........ 54 
2.4.2 Identification of TDP-43 aggregation modifiers from a set of 
computationally predicted ND-related genes............................... 57 
2.4.3 Prediction of protein complexes that alter aggregation of  
full-length TDP-43 ....................................................................... 59 
2.4.4 The discovery of protein complexes that affect TDP-43 
aggregation in cell-based assays ................................................ 61 
2.4.5 Knock-down of complex 1 members alters TDP-43-induced 
cytotoxicity and TDP-43 mRNA expression................................. 64 
2.4.6 TDP-43 aggregation and toxicity is specifically influenced by 
HDAC1 but not by HDAC2 or HDAC6......................................... 67 
3 Discussion.................................................................................................. 69 
3.1 Systematic interaction mapping for neurodegenerative disease  
proteins .................................................................................................. 69 
3.2 Wild-type and mutant neurodegenerative disease proteins have  
distinct interaction partners .................................................................... 70 
3.3 IQSEC1, ZNF179 and ZMAT2 influence the pathogenic mechanisms  
of several neurodegenerative diseases ................................................. 75 
3.4 Identification of a protein complex that modulates TDP-43 aggregation 78 
III 
3.5 Outlook .................................................................................................. 83 
4 Materials and Methods .............................................................................. 85 
4.1 Materials ................................................................................................ 85 
4.1.1 Bacterial strains........................................................................... 85 
4.1.2 Yeast strains ............................................................................... 85 
4.1.3 Cell lines...................................................................................... 85 
4.1.4 Plasmid vectors........................................................................... 85 
4.1.5 Microbiological media and buffers............................................... 87 
4.1.6 Media and supplements for mammalian cell culture.................... 89 
4.1.7 PCR primers for entry clone synthesis ........................................ 90 
4.1.8 siRNAs ........................................................................................ 90 
4.1.9 Quantitative real-time PCR assays.............................................. 94 
4.1.10 Antibodies ................................................................................... 95 
4.1.11 Enzymes, proteins, markers and DNA ........................................ 96 
4.1.12 Kits .............................................................................................. 97 
4.1.13 Chemicals and consumables ...................................................... 97 
4.1.14 Laboratory equipment ................................................................. 98 
4.2 Methods................................................................................................. 99 
4.2.1 Molecular biology based methods............................................... 99 
4.2.1.1 Creation of new Gateway®-compatible entry clones ............... 99 
4.2.1.2 Shuttling of cDNA constructs into expression vectors........... 101 
4.2.1.3 Chemical transformation of E. coli ........................................ 101 
4.2.1.4 Plasmid preparation from E. coli ........................................... 102 
4.2.1.5 Determination of DNA and RNA concentration ..................... 102 
4.2.1.6 Restriction digest of DNA with BsrGI..................................... 102 
4.2.1.7 DNA electrophoresis ............................................................. 102 
4.2.1.8 RNA isolation from mammalian cells..................................... 103 
4.2.1.9 First strand cDNA synthesis by reverse transcription............ 103 
4.2.1.10 Quantitative real-time PCR (qRT-PCR)................................. 103 
4.2.2 Protein biochemistry based methods ........................................ 106 
4.2.2.1 Determination of protein concentrations................................ 106 
4.2.2.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)......... 106 
4.2.2.3 Western Blotting.................................................................... 107 
4.2.2.4 Total protein staining with Ponceau-S................................... 107 
4.2.2.5 Luminescence-based mammalian interactome mapping 
technology (LUMIER)............................................................ 107 
4.2.2.6 IgG coating of the LUMIER assay plates .............................. 109 
4.2.2.7 Co-immunoprecipitation (Co-IP) from cell lysates ................. 109 
4.2.2.8 Aβ ELISA .............................................................................. 110 
4.2.3 Methods in cell biology .............................................................. 110 
4.2.3.1 Cultivation of mammalian cells.............................................. 110 
4.2.3.2 Long-term storage of mammalian cells ................................. 111 
4.2.3.3 Determination of the cell number by TrypanBlue staining ..... 111 
4.2.3.4 Transient transfection of mammalian cells ............................ 112 
4.2.3.5 Quantification of protein aggregation by high content 
fluorescence imaging ............................................................ 113 
4.2.3.6 A cell-based FRET assay to quantify TDP-43 aggregation ... 114 
4.2.3.7 Caspase 3/7 activation assays.............................................. 115 
4.2.3.8 Confocal microscopy............................................................. 115 
4.2.4 Yeast-specific molecular biological methods............................. 116 
4.2.4.1 Transformation of plasmid DNA into yeast cells using the  
lithium acetate method.......................................................... 116 
4.2.4.2 Yeast two-hybrid (Y2H) assays............................................. 116 
4.2.5 Bioinformatics-based methods of analysis ................................ 118 
4.2.5.1 Prediction of neurodegenerative disease-related target  
genes .................................................................................... 118 
4.2.5.2 Scoring of Y2H-based protein-protein interactions................ 127 
4.2.5.3 Computational analysis of PPI networks ............................... 128 
5 Appendix................................................................................................... 132 
5.1 Genes selected for systematic interaction screens.............................. 132 
5.2 Interactions of identified connecting proteins with neurodegenerative 
disease proteins (NDPs) ...................................................................... 165 
6 Bibliography ............................................................................................. 168 
V 
List of Figures 
Figure 1: Overview of APP processing ............................................................... 9 
Figure 2: Domain structure of TDP-43.............................................................. 13 
Figure 3: Functional enrichment analysis for the 3,711 predicted target genes 
potentially involved in NDs ............................................................................... 21 
Figure 4: Bioinformatics analysis of selected target genes............................... 22 
Figure 5: A PPI network for proteins involved ND process identified by 
automated Y2H screens ................................................................................... 27 
Figure 6: Structural properties of the Y2H PPI network were examined with  
the NetworkAnalyzer plugin of Cytoscape........................................................ 29 
Figure 7: Prediction of high confidence (HC) and lower confidence (LC) PPIs 30 
Figure 8: Validation of identified Y2H interactions with a modified LUMIER  
assay................................................................................................................ 32 
Figure 9: Validation of TDP-43 interactions with the LUMIER assay ................ 33 
Figure 10: PHF19 specifically interacts with mutant TDP-43 in mammalian cells
......................................................................................................................... 35 
Figure 11: Validation of the interactions between TDP-43 and FUS (anti-FUS), 
IGF2BP2 (anti-TDP-43) and RbAp48 (anti-TDP-43) by co-immunoprecipitation 
of endogenous proteins.................................................................................... 36 
Figure 12: Comparison of Y2H interaction networks generated with wild-type 
and mutant NDPs ............................................................................................. 38 
Figure 13: Interactions identified for wild-type and mutant variants of (A) -
synuclein and (B) SOD1................................................................................... 40 
Figure 14: Functional enrichment analysis of wild-type and mutant HC PPI 
networks........................................................................................................... 42 
Figure 15: Identification of HC PPIs for wild-type and mutant TDP-43  
proteins ............................................................................................................ 44 
Figure 16: APP, IQSEC1, ZNF179 and ZMAT2 connect five different 
neurodegenerative diseases ............................................................................ 45 
Figure 17: mRNA expression of APP, IQSEC1, ZNF179 and ZMAT2 is 
dysregulated in PD, HD and AD patient brains................................................. 46 
Figure 18: mRNA expression analysis of known ND genes after knock-down  
of IQSEC, ZNF179 and ZMAT2........................................................................ 49 
Figure 19: Silencing of endogenous IQSEC1, ZNF179 and ZMAT enhances 
huntingtin, ataxin-1 and TDP-43 aggregation ................................................... 50 
Figure 20: Quantificiation of extracellular A peptide levels after silencing of 
IQSEC1, ZNF179 and ZMAT2 in SH-SY5Y_APP695 cells............................... 52 
Figure 21: Analysis of total and hyperphosphorylated tau protein levels in  
SH-SY5Y_APP695 cells upon IQSEC1, ZNF179 or ZMAT2 knock-down ........ 53 
Figure 22: The domain structure of full-length TDP-43 and of the C-terminal 
fragment TDP-43_CT ....................................................................................... 55 
Figure 23: Expression of CFP-TDP-43, YFP-TDP-43, CFP-TDP-43_CT and 
YFP-TDP-43_CT in HEK293 cells.................................................................... 56 
Figure 24: Development of a FRET-based aggregation assay to quantify  
TDP-43 aggregation ......................................................................................... 57 
Figure 25: Bioinformatics analysis of target genes selected for siRNA screens 
and the identified TDP-43 aggregation modifiers. ............................................ 58 
Figure 26: Predicted protein complexes selected for validation experiments by 
combination of data from siRNA screens and PPI studies................................ 60 
Figure 27: Overproduction of YFP-TDP-43 in the neuroblastoma cell line  
SH-EP .............................................................................................................. 61 
Figure 28: Effects of potential modifier proteins on YFP-TDP-43 aggregation 
monitored by high content fluorescence imaging ............................................. 63 
Figure 29: Quantification of relative mRNA levels after siRNA knock-down of 
selected target genes in SH-EP cells ............................................................... 64 
VII 
Figure 30: Knock-down of complex 1 members significantly influences the 
toxicity of aggregation-prone TDP-43 in SH-EP cells ....................................... 65 
Figure 31: Knock-down of complex 1 members MYC, BRG1, RB, HDAC1 and 
HP1 changes TDP-43 mRNA expression in SH-EP cells ................................. 66 
Figure 32: Analysis of target protein expression by SDS-PAGE and 
immunoblotting ................................................................................................. 67 
Figure 33: Silencing of HDAC1 specifically decreased the aggregation and 
toxicity of TDP-43 ............................................................................................. 68 
Figure 34: siRNA-mediated gene silencing of reduced the protein expression of 
HDAC2 and HDAC6 in SH-EP cells ................................................................. 68 
Figure 35: Possible consequences of wild-type- or mutant-specific TDP-43 
protein-protein interactions............................................................................... 74 
Figure 36: Depletion of IQSEC, ZNF179 and ZMAT2 results in increased 
pathogenic neurodegenerative disease mechanisms....................................... 76 
Figure 37: IQSEC1 regulates ARF6 activation and thereby likely regulates 
BACE1 endosomal sorting and autophagosome formation.............................. 78 
Figure 38: TDP-43 auto-regulates its own mRNA levels through a negative 
feedback loop ................................................................................................... 81 
Figure 39: Silencing of BRG1, HDAC1, pRB, HP1 and c-MYC influenced  
TDP-43 mRNA expression as well as TDP-43 protein aggregation.................. 83 
Figure 40: Overview of the LUMIER assay..................................................... 108 
Figure 41: The yeast two-hybrid principle........................................................117 
 
 
List of Tables 
Table 1: Overview of neurodegenerative diseases ............................................. 2 
Table 2: Data sets used to prioritize genes according to their relatedness  
to NDs. ............................................................................................................. 19 
Table 3: Mutant proteins selected for Y2H screens .......................................... 25 
Table 4: Number of HC wild-type, mutant and overlapping PPIs for each NDP 
identified with the Y2H system ......................................................................... 39 
Table 5: siRNA target sequences ..................................................................... 90 
Table 6: TaqMan® Gene Expression Assays..................................................... 94 
Table 7: Primary antibodies .............................................................................. 95 
Table 8: Secondary antibodies ......................................................................... 96 
Table 9: Composition of the PCR reaction to create entry clones................... 100 
Table 10: PCR program to create entry clones............................................... 100 
Table 11: Components of single qRT-PCR reactions...................................... 104 
Table 12: Components of a multiplexed qRT-PCR reaction............................ 105 
Table 13: qRT-PCR amplification program ..................................................... 105 
Table 14: Weights of each data set used to predict ND-related target genes ..119 
Table 15: Studies used to identify known modulators in human or animal 
models............................................................................................................ 121 
Table 16: Publicly available microarray data sets from the NCBI GEO  
database......................................................................................................... 123 
Table 17: Known neurodegenerative disease-related drugs........................... 125 
IX 
Table 18: Sub-scores for the interactors of Core1 and Core2 genes derived  
from the UniHI database................................................................................. 126 
Table 19: Sub-score for interactions derived from the STRING databse ........ 127 
Table 20: Studies in model organisms which identified modifiers of  
NDP-induced aggregation or toxicity .............................................................. 130 
Abbreviations 
AD Alzheimer’s disease 
A amyloid- 
ALS Amyotrophic lateral sclerosis 
AICD APP intracellular C-terminal domain 
Co-IP co-immunoprecipitation 
CTF C-terminal fragment 
FTLD frontotemporal lobar degeneration 
GO Gene Ontology 
HD Huntington’s disease 
ND neurodegenerative disease 
NDP neurodegenerative disease protein 
PD Parkinson’s disease 
PPI protein-protein interaction 
ROS reactive oxygen species 
SCA spinocerebellar ataxia 
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 
UPS ubiquitin-proteasome system 






1.1 Neurodegenerative diseases 
1.1.1 Common pathogenic characteristics and molecular mechanisms of 
neurodegenerative diseases 
Neurodegenerative diseases (NDs) are conditions, which are characterized by a 
profound reduction in the size and volume of the human brain due to the death 
of neurons in specific brain regions that are typical for each disease (Table 1) 
[1]. NDs progress gradually and become symptomatic only when the neuronal 
dysfunction and nerve cell loss exceeds a certain threshold [1]. Therefore, the 
actual brain degeneration may precede the clinical symptoms by many years. 
The large group of NDs includes diseases such as Alzheimer’s disease (AD), 
amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), Parkinson’s 
disease (PD) and spinocerebellar ataxias (SCAs). Some of these diseases 
share symptoms such as memory loss (AD, PD and HD) and movement-related 
disturbances (ALS, HD, PD and SCAs) and all of them are finally fatal [1]. 
Mutations in about 100 neurodegenerative disease proteins (NDPs) cause 
familial forms of NDs [2-6]. The mechanisms by which the different mutations 
induce disease are largely unknown. In some diseases, such as HD and SCAs, 
a family history of the disease can be ascertained in almost every case [5], 
whereas in others, such as AD [6, 7], PD [8, 9] and ALS [2], about 1-10% of all 
cases are inherited. NDs share other common features: all disorders appear 
late in life and their pathology is characterized by neuronal loss and synaptic 
abnormalities [1]. Another hallmark of NDs is the accumulation of misfolded 
proteins (Table 1), which results in the formation of toxic protein aggregates [10-
12]. Additionally, neurodegenerative disorders share other common molecular 
mechanisms, such as mitochondrial dysfunction and oxidative stress, neuronal 
apoptosis and impaired protein homeostasis, which will be further elucidated in 
the following sections. 
2 Introduction 
 
Table 1: Overview of neurodegenerative diseases 
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Protein aggregation in neurodegenerative diseases 
The accumulation of insoluble protein aggregates in different brain regions is a 
pathological hallmark of a large number of NDs (Table 1). Protein aggregation 
can result from a mutation in a NDP (e.g. huntingtin, TDP-43 or -synuclein [13-
15]), a genetic alteration that causes an elevation in the amounts of a normal 
protein (e.g. duplication of the SNCA gene encoding -synuclein [16]), or can 
occur in the absence of genetic alterations, e.g. triggered by aging [17]. 
Evidence from a variety of sources supports the hypothesis that protein 
aggregation is critical for neurodegeneration in various NDs: (1) genetics – 
genes linked to familial forms of NDs often encode aggregation-prone protein 
[13-15]; (2) animal models – over-production of aggregating proteins produces 
disease-associated phenotypes [18]; (3) biophysics – disease-associated 
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mutations promote in vitro aggregation [19-21]; and (4) mathematical modelling 
– rates of cell death as well as disease progression are consistent with a 
nucleation-dependent aggregation process [22-24]. 
Although large proteinaceous aggregates (inclusion bodies) in patient brains 
has been recognized as a typical feature of NDs for many years, it is still under 
discussion whether these structures are the primary toxic species [17]. The 
determination of the neuropathological link between protein aggregation and 
disease is exacerbated by a poor correlation between the aggregate load in the 
brain and the severity of clinical symptoms [25-28]. Moreover, protein 
aggregates can be found in brains from healthy individuals [29]. Thus, there is 
increasing evidence that inclusion bodies might represent an end-stage 
manifestation of a multistep aggregation process [30]. Misfolded monomeric 
proteins, oligomers or protofibrils, which develop before inclusion bodies are 
detectable, might cause cellular toxicity [30]. 
Each neurodegenerative disease is associated with the aggregation of certain 
proteins such as huntingtin in HD or TDP-43 in sporadic ALS and in many 
familial ALS cases (Table 1). However, certain proteins were found to be 
aggregated in several NDs, indicating that different NDs share common or at 
least overlapping molecular mechanisms. One example is the microtubule-
associated protein tau, whose aggregates can be found in patients with AD, PD 
and frontal temporal dementia with parkinsonism linked to chromosome 17 
(FTDP-17) [31-34]. Moreover, mutations in tau are associated with FTDP-17 
[33]. Another example is the protein -synuclein, which is the main component 
of Lewy bodies found in brains of patients with PD or dementia with Lewy 
bodies [35] and was also discovered in extracellular plaques of AD patients [36]. 
Furthermore, aggregation of TDP-43 occurs in ALS and frontotemporal lobar 
degeneration (FTLD) patients [37, 38], AD patients [39], patients with PD and 




Mitochondrial dysfunction, oxidative stress and neuronal apoptosis 
Involvement of mitochondria is likely to be an important common theme in NDs, 
as mitochondria are key regulators of cell survival and death [43] and several 
NDPs have been found to interact with mitochondria. Net production of reactive 
oxygen species (ROS), which results in oxidative stress, is another mechanism 
by which mitochondria contribute to NDs. Mitochondria contain multiple electron 
carriers capable of producing ROS as well as an extensive network of 
antioxidant defences [44]. Mitochondrial insults, including oxidative damage by 
ROS, can thus cause an imbalance between ROS production and removal, 
resulting in net ROS production [44]. Oxidative stress can lead to DNA damage 
and cell death [44]. 
Mitochondrial dysfunction and oxidative damage is e.g. implicated in the 
pathogenesis of AD. Oxidative damage occurs early in the AD brain, before the 
onset of plaque formation [45]. Moreover, hydrogen peroxide treatment 
increased intracellular amyloid- (A) peptide levels [46], the main component 
of extracellular plaques [6], indicating that oxidative stress is causally linked to 
AD. Oxidative stress also activates signaling pathways that increase expression 
of -secretase, which results in increased A production, and increases 
aberrant phosphorylation of tau [47, 48]. Furtermore, A has been shown to 
interact directly with the mitochondrial matrix protein ABAD and disruption of 
this interaction results in a reduction of A-induced apoptosis and the 
generation of free-radicals in neurons [49]. Presenilin and all the other 
components of the -secretase complex have also been localized to 
mitochondria, where they form an active -secretase complex [50]. 
Many genes, whose mutations cause familial PD, also indicate that 
mitochondrial dysfunction is critical for disease pathogenesis. For example -
synuclein is found in degenerating mitochondria from mice over-producing A53T 
-synuclein and over-expression of -synuclein impairs mitochondrial function 
and increases oxidative stress [51, 52]. The E3 ubiquitin ligase parkin can 
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associate with the outer mitochondrial membrane, where it prevents cytochrome 
c release and caspase activation, which could induce apoptosis [53]. This 
protective effect is abrogated by parkin mutations and by proteasome inhibitors 
[53]. Moreover, parkin and PINK1 act together in the quality control of 
mitochondria by inducing mitophagy (autophagy-based degradation of damaged 
mitochondria) [54]. 
In both sporadic and familial ALS, postmortem spinal cord samples show 
abnormalities in mitochondrial structure, number and localization [55]. 
Additionally, mutant variants of the protein Cu2+/Zn2+ superoxide dismutase 1 
(SOD1), which are responsible for ~20% of familial ALS cases, have been 
shown to interact in a mutant-specific manner with the mitochondrial protein Bcl-
2 and thus inhibit its anti-apoptotic functions [56]. Over-expression of 
SOD1_G93A in mice results in mitochondrial degeneration, which precedes 
motor neuron death, suggesting that mitochondrial abnormalities trigger the 
onset of ALS [57]. Moreover, mutant SOD1 promotes aberrant ROS production, 
which results in oxidative damage of mitochondrial lipids and proteins as well as 
impaired respiration and ATP synthesis [58]. 
Several lines of evidence demonstrate the involvement of mitochondrial 
dysfunction in HD. Biochemical studies show decreased activities of the 
mitochondrial complexes II and III in the human HD brain [59]. In striatal cells 
obtained from mutant huntingtin knock-in mouse embryos, mitochondrial 
respiration and ATP production are significantly impaired [60]. Mutant huntingtin 
associates with the outer mitochondrial membrane and increases sensitivity to 
calcium-induced cytochrome c release [61]. Moreover, mutant hungtingtin also 
translocates to the nucleus, where it binds and increases the level and 
transcriptional activity of p53 [62]. p53 activates the pro-apoptotic protein BAX, 
either directly or by increasing expression of BH3-only Bcl-2 family members 




Impaired protein homeostasis in neurodegenerative diseases 
Several lines of experimental evidence indicate that a disturbance of protein 
homeostasis contributes to the pathogenesis in various neurodegenerative 
diseases [64]. Different protein homeostasis mechanisms maintain appropriate 
protein concentration levels, protein folding, protein interactions and protein 
localization [65]. These mechanisms include molecular chaperones, the 
ubiquitin-proteasome system (UPS) and autophagy. 
As neurons are terminally differentiated, post-mitotic cell types, it has been 
suggested that they are especially susceptible to the cumulative effects of 
misfolded proteins as they are unable to reduce the load of toxic intermediates 
through consecutive rounds of mitosis [66]. Therefore, the capacity of molecular 
chaperones to reduce misfolded proteins by refolding is essential for 
maintaining neuronal integrity [67]. Over-expression of chaperones such as 
heat-shock proteins (Hsp70 and Hsp40) has been shown to decrease toxicity 
induced by A peptides, mutant huntingtin and mutant -synuclein [68-70]. 
Moreover, protein aggregates found in ND patients were shown to colocalize 
with molecular chaperones [71-74]. This sequestration could lead to widespread 
dysfunction of protein homeostasis as chaperones associated with insoluble 
protein aggregates might not be available for refolding of other cellular proteins 
[75]. 
The UPS is one of the major pathways that targets impaired and misfolded 
proteins for destruction and recycling [76-79]. Ubiquitination is the targeting 
process for the elimination of unfolded or misfolded proteins via the UPS. It 
occurs through a series of enzymatic reactions involving ubiquitin-activating 
enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin protein ligases 
(E3) [78]. E3 ligases catalyze the final addition of ubiquitin molecules to lysine 
residues of damaged target proteins [78]. This provides the signal for its 
removal and degradation by the 26S proteasome [80, 81]. In addition, E4 is a 
new ubiquitination enzyme responsible for multiubiquitin chain assembly [82]. 
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The UPS has been implicated in each of the major neurodegenerative diseases. 
The deposition of ubiquitin-tagged proteins in many NDs implies a lowered 
capacity of cells to degrade misfolded proteins [37, 38, 83-85]. The E3 ubiquitin 
ligase parkin for example contributes to the clearance of -synuclein and A 
peptides, and thereby reverses toxicity (mitochondrial dysfunction and 
proteasome inhibition) induced by -synuclein and A [86, 87]. CHIP, in 
collaboration with Hsp70 and Hsp90, polyubiquitinates a number of misfolded 
proteins and thereby enhances cell survival. These include gene products with 
expanded polyglutamine tracts responsible for HD and SCAs [88, 89], tau [90], 
mutant SOD1 [91] as well as -synuclein [92]. Moreover, several studies 
suggested that intracellular A peptides and -synuclein protofibrils inhibit the 
proteasome activity [93, 94], indicating that dysfunction of the UPS contributes 
to NDs. 
Autophagy is another important cellular process, which is responsible for the 
degradation of aggregated proteins. Moreover, activation of autophagy may be 
protective in some NDs by enhancing the removal of toxic protein aggregates 
[95]. Targeting autophagy with rapamycin, which induces autophagy through the 
inhibition of the mTOR pathway, decreases the deposition of abnormal protein 
aggregates and alleviates disease progression in animal models of HD and PD 
[96, 97]. Several studies provided evidence that autophagy is impaired in NDs. 
A recent study revealed aberrant cargo recognition in cellular and mouse 
models of HD [98]. Mutant huntingtin over-expression also resulted in an 
elevated autophagosome formation [96, 99]. Autophagy deregulation was 
initially linked to AD where autophagic vesicles were found to accumulate in 
brains of AD patients [100, 101]. Autophagy was induced after A over-
production and in APP/PS1 transgenic mice [101-103]. Moreover, strong 
evidence indicates that A is generated in vesicles during autophagy, 
suggesting that autophagy activation in AD brains may exacerbate AD 
pathogenesis by increasing A levels [101, 104]. Additionally, clearance of 
autophagic vesicles is impaired in AD brains [105]. PD is also strongly linked to 
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autophagy. -Synuclein e.g. was found to be degraded by macroautophagy and 
chaperone-mediated autophagy (CMA) [106, 107]. Over-expression of mutant 
-synuclein inhibits CMA [108, 109], while over-expression of the wild-type 
protein is associated with macroautophagy inhibition [110]. Defects in 
autophagy are also implicated in ALS. Increasing evidence suggests that 
defects in autophagic flux or in specific autophagy-regulatory processes, rather 
than induction, contributes to motor neuron degeneration in ALS [111]. 
Treatment of SOD1_G93A transgenic mice with rapamycin inactivates the 
mTOR pathway but fails to reduce the level of mutant SOD1 aggregates [112]. 
Moreover, mutant SOD1 can inhibit the autophagic process and can lead to 
defective clearance [113]. Finally, TDP-43 has been implicated in the 
transcriptional regulation of proteins central for autophagy [114]. Depletion of 
TDP-43 causes autophagy impairment and results in the accumulation of 
polyubiquitinates proteins [114]. 
 
1.1.2 Alzheimer’s disease 
Pathogenesis 
Alzheimer’s disease (AD) is the most common form of dementia [115]. Clinically 
AD is characterized by progressive cognitive impairment, loss of memory and 
abnormal behaviour [115]. AD generally affects people over the age of 65 [115]. 
However, around 5% of AD patients show a much earlier disease onset (40-50 
years old), most of which are familial cases [115]. Mutations in APP, presenilin 1 
and presenilin 2 are associated with familial cases of AD [116-119]. Extracellular 
plaques consisting mainly of A peptides (produced from APP) [120] and 
intracellular neurofibrillary tangles consisting largely of hyperphosphorylated tau 
[121] are the major histopathological hallmarks of AD. Besides the aggregation 
of A and tau polypeptides, numerous other structural and functional alterations 
occur, including inflammatory responses and oxidative stress [122-124]. The 
consequences of all the pathological changes, including the effects of the A 
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and tau pathologies, is severe neuronal and synaptic dysfunction as well as 
neuronal loss in the cerebral cortex and the hippocampus [125]. 
 
APP processing and A generation 
A is produced from the amyloid precursor protein (APP) by endoproteolysis 
[125]. APP can be cleaved by different enzymes or enzyme complexes termed 
-, - and -secretases resulting in the production of different truncated peptides 
(Figure 1) [125]. Three enzymes with -secretase activity have been identified: 
ADAM9, ADAM10 and ADAM17 [126]. BACE1 was discovered as the -
secretase enzyme [127]. The -secretase was found to be a complex of 
enzymes composed of presenilin 1 or 2, nicastrin, APH1 (anterior pharynx 
defective) and PEN2 (presenilin enhancer 2). 
 
Figure 1: Overview of APP processing (adapted from [125]). AICD – APP intracellular domain; 
CTF – C-terminal fragment; sAPP – soluble APP N-terminal fragment; APH-1 – anterior pharynx 
defective 1 protein; PEN2 – presenilin enhancer 2 protein. 
10 Introduction 
 
The cleavage and processing of APP can be devided into a non-amyloidogenic 
and an amyloidogenic pathway. In the prevalent non-amyloidogenic pathway, 
APP is cleaved by the -secretase at a position 83 amino acids from the 
carboxy (C) terminus, producing a large amino (N)-terminal ectodomain 
(sAPP), which is secreted into the extracellular space [128]. The resulting C-
terminal fragment (-CTF) is retained in the membrane and subsequently 
cleaved by the -secretase, producing the APP intracellular domain (AICD) and 
a short peptide called p3 [129]. Importantly, cleavage by the -secretase occurs 
within the A region, thereby inhibiting formation of A. Moreover, -secretase 
cleavage occurs mainly at the plasma membrane, while -cleavage is mainly 
found in endosomes or the trans-Golgi network [130]. 
The amyloidogenic pathway is an alternative cleavage pathway for APP, which 
leads to A peptide generation. The initial proteolysis is mediated by the -
secretase at a position located 99 amino acids from the C-terminus [125]. This 
results in the release of sAPP into the extracellular space and leaves the 99-
amino-acid -CTF within the membrane [125]. Subsequent cleavage of this 
fragment (between residues 38 and 43) by the -secretase liberates 
aggregation-prone A peptides [125]. Most of the A peptides that are produced 
are 40 residues in length (A40), whereas a small proportion (~10%) have a 
length of 42 residues (A42) [125]. The A42 variant is more hydrophobic and 
more prone to fibril formation than A40 [20], and it is this longer peptide that is 
also the predominant isoform found in amyloid plaques [131]. 
Tau pathology in AD 
Neurofibrillary tangles (NFTs) have been identified as a major pathological 
hallmark in AD brains [121]. However, the structural and functional relevance of 
NFTs for AD pathogenesis is not completely understood. The microtubule-
associate protein tau is the major component of NFTs [121]. Tau promotes 
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microtubule assembly, stabilizes microtubules, and affects the dynamics of 
microtubules in neurons [132]. 
Increasing evidence suggests that hyperphosphorylated tau protein is critically 
involved in AD pathogenesis, particularly impairing axonal transport of APP and 
organelles such as mitochondria in neurons [133, 134]. Furthermore, N-terminal 
tau fragments are thought to cause mitochondrial dysfunction and synaptic 
damage in AD model systems [135, 136]. Recent reports have demonstrated 
that A-induced oxidative stress is a critical factor for hyperphosphorylation of 
tau in AD neurons [137-139]. Phosphorylation of tau is regulated by several 
kinases, including GSK3 and Cdk5, both of which are activated by extracellular 
A [140, 141]. Tau is cleaved by GSK3, caspase-3, caspase-9 and calpain, 
which can be activated by soluble A species in cell model systems [142, 143]. 
Moreover, it appears that tau might be an important downstream mediator of A 
toxicity [130]. Triple transgenic mice with mutant APP, presenilin 1 and tau 
proteins develop A deposition prior to the appearance of NFTs [144]. 
Additionally, reducing A levels prevents tau pathology and abrogates spatial 
memory problems in AD models [145]. Finally, when AD transgenic mice that 
over-express APP are crossed with mice lacking tau, no detioration in spatial 
memory function is seen despite the accumulation of A [146]. 
 
1.1.3 Amyotrophic lateral sclerosis 
Clinical symptoms and neuropathology 
Amyotrophic lateral sclerosis (ALS) is considered to be the most common adult-
onset motor neuron disease (MND). It is a progressive disorder that involves 
selective degeneration of both upper and lower motor neurons in the motor 
cortex, brainstem and spinal cord [147]. Disease progression is characterized 
by muscle atrophy, spasticity and weakness [147]. Paralysis of the respiratory 
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muscles is usually fatal within 1-5 years after disease onset [147]. Up to 10% of 
ALS patients have familial ALS (FALS) [147]. FALS is usually inherited in an 
autosomal dominant manner, although there are rare cases of autosomal 
recessive and X-linked disease [2]. FALS is associated with mutations in 13 
genes including SOD1, TARDBP (encodes TDP-43) and FUS (for an overview 
see [2]). About 15-20% of ALS patients also meet the criteria of frontotemporal 
lobar degeneration (FTLD), which is characterized by behavioural and cognitive 
impairments [148]. Moreover, ~15% of FTLD patients develop symptoms of 
MND [148], indicating that ALS and FTLD are part of a broader disease 
spectrum [149]. Histopathologically sporadic and familial ALS is mainly 
characterized by cytoplasmic ubiquitin-positive TDP-43 inclusions [37, 38]. In 
contrast, patients with FALS that are caused by mutations in SOD1, FUS and 
optineurin contain mainly insoluble SOD1, FUS and optineurin protein 
aggregates [150-153]. 
TDP-43 protein and ALS pathogenesis 
The TAR DNA binding protein (TDP-43) is encoded by the TARDBP gene on 
chromosome 1. TDP-43 is a 414 amino acid protein that can shuttle between 
the nucleus and the cytoplasm due to the presence of a nuclear localization 
signal (NLS) and a nuclear export signal (NES; Figure 2) [154]. It comprises two 
RNA recognition motifs (RRMs) that allow binding to nucleic acids [154]. TDP-
43 also contains a C-terminal glycine-rich domain that is important for protein-
protein interactions (Figure 2) [154]. Most of the identified mutations associated 
with familial ALS and/or FTLD lie in the C-terminal region [154]. However, to 
date it is still unclear why these mutations cause ALS and/or FTLD. However, 
animal models that over-express wild-type or mutant TDP-43 show 
neurotoxicity, which is dependent on the expression level of the disease protein 
[155]. Recent reports indicate that neurotoxicity is dependent on the RNA 
binding capacity and the intracellular localization of TDP-43 [156]. TDP-43 
inclusions have also been reported to occur in various forms of 
neurodegenerative diseases including AD [39], PD and dementia with Lewy 
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bodies [40] and HD [41]. Finally, TDP-43 has been found to be involved in 
different steps of gene expression including transcription, mRNA splicing, mRNA 
transport and translation [157]. These findings suggest that altered RNA 
processing might be an important aspect in the pathogenesis of ALS and other 
neurodegenerative diseases. 
 
Figure 2: Domain structure of TDP-43. NLS – nuclear localization signal; NES – nuclear export 
signal; RRM – RNA recognition motif. 
 
Aggregated TDP-43 is ubiquitinated and hyperphosphorylated in brains of ALS 
and FTLD patients [37, 38]. In particular, phosphorylation at Ser409/410 is a 
specific feature of neuropathological inclusions [158, 159]. Additionally, TDP-43 
is cleaved by caspase 3 into C-terminal fragments of different size (25 kDa or 
35 kDa) [160]. Interestingly, lack of normal nuclear TDP-43 localization is  
consistently observed in inclusion-bearing tissues [37, 38]. Together these data 
suggest that, in addition to a toxic gain-of-function suggested by the 
aggregation of TDP-43, a loss of nuclear functions might contribute to the 
disease pathogenesis in ALS. Indeed among the mRNAs, whose levels or 
processing is affected by TDP-43, are molecules that encode proteins, which 
are related to neuronal function and development or which have been 
implicated in neurological diseases [161-163]. RNAs, whose levels are mostly 
depleted by reduction of TDP-43, are derived from genes with the longest 
introns (average size >100 kb) and that encode proteins involved in synaptic 
activity [161-163]. Since genes with very long introns are preferentially 
expressed in the nervous system, they could be the reason for the selective 
vulnerability observed in ALS patients [161-163]. TDP-43 also regulates the 
expression as well as the splicing of several disease-related pre-mRNAs 
including those encoding, FUS, progranulin, tau, parkin, huntingtin and different 
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ataxins [161-163]. TDP-43 was also shown to bind its own mRNA and thereby 
regulates its own expression by promoting mRNA instability [161-164]. 
 
1.2 Protein-protein interaction studies for neurodegenerative 
disease proteins 
In this section I will give an overview over published protein-protein interaction 
(PPI) studies. These studies provide valuable insights into the function of 
neurodegenerative disease proteins (NDPs) and can substantially increase our 
understanding of disease mechanisms. However, previous investigations have 
mainly focused on single disease proteins and have created focused PPI 
networks for individual diseases or disease processes. Therefore, a better 
understanding of common neurodegenerative disease mechanisms, requires a 
more comprehensive identification of PPIs for multiple NDPs. 
1.2.1 Single protein interaction studies 
One strategy to assess possible biological and pathological functions of 
neurodegenerative disease proteins is to identify interacting proteins for NDPs 
using yeast two-hybrid (Y2H) or affinity purification methods. The first published 
studies mainly discovered single interactions for example between the APP C-
terminal domain and the G0 protein [165], Fe65 [166] or X11 [167]. More 
systematic interaction studies identified large sets of novel interaction partners 
for huntingtin. Goehler et al. for example found 165 new interaction partners for 
huntingtin with Y2H screens, which resulted in the functional annotation of 16 
previously uncharacterized proteins and the discovery of GIT1, which functions 
as an enhancer of huntingtin aggregation [168]. In contrast, Kaltenbach et al. 
identified 234 high-confidence huntingtin associated proteins with Y2H (104 
PPIs) and affinity purification (130 PPIs) methods [169]. Moreover, this study 
discovered a new association between huntingtin and components of the 
vesicle secretion apparatus such as Stx1A, NAPA, CACNA2D1 and SNAP25 
[169]. Additionally, 48 of 60 tested proteins modified mutant huntingtin-induced 
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cytotoxicity in a Drosophila model [169], indicating that PPI data sets contain a 
large fraction of proteins that function as aggregation modulators. Two recent 
studies identified a large set of TDP-43 interactors, which are involved in 
transcriptional regulation, mRNA processing, translation, microRNA processing 
and DNA repair, indicating that TDP-43 plays a role in those biological 
processes [170, 171]. 
Interaction studies focussing on single NDPs also provided strong evidence that 
mutant NDPs have distinct interaction partners compared to the wild-type 
proteins and provide insights into disease mechanisms. The disease-causing 
polyglutamine expansion for example altered the interactions of huntingtin with 
HAP1/p150Glued complexes as well as numerous transcription factors (e.g Sp1 
and TBP), leading to their functional impairment [172-179]. Additionally, 
perturbed interactions between mutant ataxin-1 and transcription factors such 
as LANP, PQBP1, Gfi-1, SMRT, Boat and Sp1 might exert the deleterious 
effects of mutant ataxin-1 on transcriptional regulation. Moreover, a mutant 
polyglutamine tract in ataxin-1 clearly alters the interaction preference of the 
protein in neuronal cells [180, 181]. It was found that mutant ataxin-1 
preferentially forms a complex with the protein RBM17, which might contribute 
to the SCA1 disease phenotype by a gain-of-function mechanism, whereas 
wild-type ataxin-1 is present in a capicua-containing complex [180, 181]. When 
ataxin-1 is mutated the formation of abnormal RBM17-ataxin-1 complexes in 
patient brains might disrupt cellular functions and cause disease [180, 181]. 
1.2.2 Protein-protein interaction studies for multiple NDPs 
Previously, two studies have been reported that describe the identification of 
PPIs for multiple NDPs. Lim et al. identified 770 mostly novel interactions for 54 
proteins involved in 23 inherited ataxias [182]. Many ataxia-causing proteins 
share interaction partners, indicating that different diseases are caused by 
common disease mechanisms [182]. This study established that systematic 
interaction mapping is a valuable tool to elucidate the pathogenic mechanisms 
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of NDs [182]. The second study focused on mutant proteins that cause AD or 
potentially alter disease pathogenesis [183]. Additionally, 44 proteins encoded 
by candidate susceptibility genes were screened for interactions [183]. The 
identified interactions suggested new mechanistic details underlying AD: the 
authors found for example an interaction between APOE and presenilin 1, 
indicating that APOE might regulate the function of presenilin 1 [183]. Moreover, 
this study suggests that the protein PDCD4 might be a neuronal death regulator 
and that the protein ECSIT provides a connection between oxidative stress, 
inflammation and mitochondrial dysfunction in AD [183]. 
1.2.3 Studies analyzing PPI networks for proteins causing several 
different neurodegenerative diseases 
Previously, two studies were published that focused on the analysis of literature-
based interaction networks for NDPs associated with different NDs. One of 
these studies compared the PPIs of 13 proteins, whose mutations cause one of 
six investigated NDs (AD, PD, ALS, HD, dentatorubral-pallidoluysian atrophy 
(DRPLA) and prion disease) [184]. Their main objective was to utilize the 
available PPI networks to better understand the common molecular principles of 
NDs [184]. Based on the available literature data they were able to identify 19 
proteins that link 2-4 different NDPs [184]. However, using the available data 
one protein (caspase-8) was found that interacted with known NDPs associated 
with four diseases (AD, HD, DRPLA or prion disease) [184], indicating that 
further interaction studies are necessary to identify new connections between 
different NDs. A second, very recent study explored literature-based interactions 
for proteins associated with PD, AD, multiple sclerosis, rheumatoid arthritis or 
type 1 diabetes [185]. They found a strong correlation between AD and type 1 
diabetes in terms of shared interactomes and functional annotations [185], 
supporting the view that these diseases might have overlapping disease 
mechanisms. Biological evidence indeed indicates that dysregulation of insulin 
metabolism might affect A accumulation and degradation [186-188], 
substantiating the results from the interaction studies. 
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1.3 Aims of the thesis 
Cellular functions are mediated through complex assemblies of proteins that are 
linked through physical interactions. Knowledge about interactions that connect 
proteins helps us understand the normal functions of proteins as well as the 
underlying molecular basis of disease processes. Therefore, one major aim of 
my thesis was the generation of PPI networks for known wild-type and mutant 
NDPs as well as proteins involved in neurodegenerative disease processes 
using the yeast-two hybrid system. Additionally, I wanted to identify disease-
relevant interactions by comparing interaction partners of wild-type and mutant 
NDPs. I also aimed to discover proteins that play a role in multiple 
neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease 
and amyotrophic lateral sclerosis. This might give insights into common 
neurodegenerative disease processes and lead to the discovery of drug targets 
that are relevant in multiple NDs. Finally, I seeked to identify novel TDP-43 
aggregation and toxicity modifiers using a network modelling approach by 






2.1 Generating protein-protein interaction networks for 
neurodegenerative diseases using an automated yeast 
two-hybrid system 
Neurodegenerative diseases (NDs) are characterized by the progressive loss of 
neurons and have several pathological mechanisms in common. However, 
mechanistic details remain elusive. As protein-protein interaction (PPI) networks 
are important resources for unravelling disease mechanisms, I created a 
comprehensive PPI network connecting a large number of already known 
neurodegenerative disease proteins (NDPs) involved in different NDs. In this 
chapter the target selection, the protein-protein interaction (PPI) screen, the 
confidence scoring of yeast two-hybrid (Y2H) PPIs and the validation of 
interactions in mammalian cells are presented. 
 
2.1.1 Prediction of 3,711 neurodegenerative disease-related target genes 
In the past decade several studies have used bioinformatics and/or high-
throughput experimental techniques to generate ND-related protein interaction 
networks in order to elucidate disease mechanisms [168, 180, 182, 189]. 
However, to this date a comprehensive PPI network connecting known NDPs 
involved in different NDs has not been generated. 
To create a first comprehensive PPI network for various NDs, all human protein-
coding genes were prioritized according to their connection to NDs. The 
prioritization of genes was done in close collaboration with Dr. Jean-Fred 
Fontaine (Andrade lab, MDC Berlin-Buch). Several manual or automated 
analysis steps were performed, which utilized data from publications about NDs 
as well as ND-related processes and public databases ( 
Table 2). The data included among others high-throughput experimental data 
sets, genomic and drug data as well as MEDLINE abstracts.  
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Table 2: Data sets used to prioritize genes according to their relatedness to NDs. 
Data set Analyses 
methods 
Description 
Core1 Manual Disease genes for which mutations that cause disease 
(AD, HD, PD, ALS, SCA1 or SCA3) have been identified 
Core2 Manual Genes related to NDs by genetic studies from the OMIM 
database 
Modulator1 Manual Genes associated with NDs based on available literature 
data 
Modulator2 Manual Known genetic modulators of toxicity and aggregation of 
known NDPs such as huntingtin, -synuclein and SOD1 
HTT Manual HTT interacting proteins identified in high-throughput 
experiments 
Orthologs Manual Modifier genes from model organisms that influence 
protein aggregation or toxicity of known NDPs  
Linkage Automated Candidate genes situated in ND-related chromosomal 
regions identified in linkage studies in which no gene 
could be linked to the studied disease 
Textmining1 Automated Text mining-based analysis of MEDLINE abstracts for 
genes involved in ND processes (AD, HD, PD, ALS and 
SCA) 
EST Automated Observed ESTs in tissues of the nervous system 
Expression Automated Differentially expressed genes in brains of AD, PD and 
HD; microarray data sets 
Drugbank Automated Extraction of known drug targets from DrugBank 
DrugSE Automated Prediction of ND-related drug targets by side effect 
similarity 
TextDrugs Automated Data mining-based identification of ND-related drug 
targets 
 
Textmining2 Automated Text mining-based analysis of MEDLINE abstracts for 




Data set Analyses 
methods 
Description 
MaxUS Automated Published interaction partners of selected proteins from 
the UniHI database; selection of the top 20 predicted 
interactors of Core1 and Core2 proteins from the STRING 
database 
Aging Automated Genes differentially expressed in aged normal human 
brains compared to younger brains; microarray data set 
Each analyzed gene, which could be associated with any one of the different 
data sets, obtained a score depending on the associated data set (see 4.2.5.1). 
The score for each data set was defined by assessing the relation of each set to 
ND processes. Therefore, known ND genes (Core1) were assigned a very high 
score, while known drug targets from DrugBank were assigned a very low 
score, as there is no direct relation to NDs (Table 14). Combining the single 
scores obtained for each human protein-coding gene into a single score (see 
section 4.2.5.1) revealed a list of 3,711 genes with score  100, which are 
potentially involved in ND processes. The higher the score the stronger is the 
association of the gene to ND processes. 
A functional enrichment analysis of the 3,711 predicted genes that are 
associated with various ND processes in comparison to the human genome 
supported the feasibility of the prioritization method. I found that ~10% of the 
predicted genes are known to play a direct role in ND processes, compared to 
just 5% in the human genome (Figure 3). Additionally, genes involved in 
processes such as apoptosis, protein folding, synaptic transmission and RNA 





Figure 3: Functional enrichment analysis for the 3,711 predicted target genes potentially in-
volved in NDs. Over-represented GO terms and KEGG pathways in comparison to the human 
genome were identified with the program EASE. Only categories with Bonferroni-adjusted p-
value < 0.5 were considered. 
2.1.2 Analysis of genes selected for systematic interaction screens 
From the list of 3,711 ND-related genes, the top 655 protein-coding genes with 
score  310 were selected for systematic interaction screens using an 
automated yeast two-hybrid (Y2H) method [190]. The selection covered 83 
known ND genes (e.g. SNCA, MAPT, APP, HTT, ATXN1 and SOD1) involved in 
several NDs such as Parkinson’s disease (PD), Alzheimer’s disease (AD), 
Huntington’s disease (HD), different types of spinocerebellar ataxia (SCA) and 
amyotrophic lateral sclerosis (ALS). In addition, 171 (26.1%) other disease 
genes and 50 (7.6%) predicted risk factors or susceptibility genes for NDs (e.g. 
APOE, CLU, and GBA) were among the selected genes (Figure 4A). 
Furthermore, 35.6% (233 genes) of the 655 selected genes are known drug 
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targets and 14.4% (94 genes) of the selected genes are known modulators of 
aggregation or toxicity induced by NDPs (e.g. -synuclein and huntingtin). 
Finally, 57 (8.7%) genes were predicted to encode proteins whose homologs 
form insoluble protein aggregates with age in Caenorhabditis elegans (C. 
elegans). The complete list of selected target genes for interaction studies can 
be found in the Appendix (5.1). 
 
Figure 4: Bioinformatics analysis of selected target genes. (A) Annotation of target genes as 
disease genes, risk factors, known drug targets, modulators and homologs of aggregation-prone 
proteins. (B) Functional enrichment analysis with the program EASE. Only GO terms or KEGG 
pathways with Bonferroni-adjusted p-value < 0.5 were considered. 
When the 655 selected genes were analyzed for over-represented Gene 
Ontology (GO) terms and KEGG pathways (Figure 4B) a significant enrichment 
of the KEGG pathways “Neurodegenerative disease” and “Alzheimer’s disease” 
(~30% and ~11% respectively) was observed compared to the human genome 
(~6% and ~2% respectively). This supports the view that a large number of the 
selected genes play a direct role in neurodegenerative disease processes. 
Additionally, proteins with specific functions that are altered in ND processes, 
such as apoptosis, protein folding or protein metabolism, were enriched among 
the selected genes (Figure 4B). Other more neuronal function-related terms 
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(neurogenesis and synaptic transmission) were also significantly enriched, 
indicating that many of the selected genes have a functional role in neurons. 
2.1.3 Selection of mutant variants for yeast two-hybrid screens 
Neurodegenerative diseases occur mainly sporadically, but in rare cases 
mutations in different disease genes such as APP in AD and SNCA in PD cause 
familial forms of the diseases [191-193]. Exceptions are disorders that are 
caused by a pathogenic extension of polyglutamine stretches, such as HD, 
which are purely genetic [194]. The main difference between sporadic and 
familial diseases is an earlier onset in familial forms [195], so that certain 
molecular changes might be more pronounced in those cases. Therefore 
protein-protein interactions of mutant proteins might give insights into disease 
mechanisms, which cannot be revealed when only wild-type proteins are 
screened for interactions. Thus, I generated 22 mutant variants of 11 known ND 
genes that cause familial AD, ALS, HD and PD (Table 3). 
I produced two mutant variants of -synuclein (A30P and E46K) that cause 
autosomal dominant Parkinson’s disease (PD) and Lewy body dementia with 
parkinsionism, respectively [14, 196]. They were selected for systematic 
interaction screening, because they both increase the aggregation propensity of 
-synuclein [197, 198]. Mutations in the E3 ubiquitin ligase parkin (PARK2) are 
associated with autosomal recessive juvenile PD [199]. The selected mutation 
Q311STOP results in the expression of a truncated parkin protein that lacks 
ubiquitin ligase activity, which is thought to be responsible for the development 
of juvenile PD [200, 201]. Mutations in the LRRK2 gene are one of the most 
common causes of genetically inherited PD [202]. As full-length LRRK2 protein 
(app. 250 kDa) is to large for Y2H interaction screens, only the wild-type WD40 
repeat domain, which mediates protein-protein interactions [203], and a mutant 
variant of this domain (G2385A) were chosen for interaction screens [204]. 
Earlier studies have demonstrated that LRRK2 variants with a G2385A mutation 
are more toxic than the wild-type protein and efficiently induce apoptosis [205]. 
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Expansion of polyglutamine (polyQ) repeats in a diverse set of proteins is 
associated with different types of spinocerebellar ataxias (SCAs) and 
Huntington’s disease (HD). Mutant ATXN1 alleles (encoding mutant ataxin-1 
protein with an extended polyQ tract) contain pure repeat tracts consisting of 41 
or more CAG repeats (encoding glutamines) and are associated with SCA1 
[206, 207]. Detailed analysis of ataxin-1 protein-protein interactions revealed 
that the polyQ expansion inhibits the function of native protein complexes 
containing ataxin-1 and causes SCA1 neuropathology [180] and therefore one 
mutant (Q79) was selected for Y2H screens. In patients diagnosed with SCA3 
or Machado-Joseph disease CAG expansions of 41 or more were identified in 
the ATXN3 gene encoding the ataxin-3 protein [208]. Ataxin-3 mutations, such 
as the selected mutation (Q73), enhance mitochondrial-mediated cell death 
[209]. Abnormal expansion of a polyglutamine tract in the N-terminus of 
huntingtin causes HD [13, 194] and induces cytotoxicity which leads to the 
death of neurons [210, 211]. I screened several N-terminal huntingtin fragments 
of different lengths with pathogenic polyQ tracts of different sizes (Table 3). 
The three selected mutant versions of SOD1 (A4V, G85R, and G93A) are 
associated with familial amyotrophic lateral sclerosis (FALS) [212, 213]. The 
A4V mutation is the most frequent mutation of SOD1 identified in FALS patients 
[212, 214]. Aggregation and cytotoxicity of the SOD1_G85R mutation were well 
characterized in transgenic mice [215, 216]. Similarly, it was shown in several 
models that the SOD1_G93A mutation leads to the death of neurons by an 
enhanced capacity to generate free radicals [217, 218]. The selected TDP-43 
mutations Q331K (associated with sporadic ALS) and M337V (associated with 
FALS) were previously shown to promote aggregation and toxicity of TDP-43 
[15, 219]. The selected mutation in FUS (R521C) was one of the first detected 
mutations in FUS associated with FALS [150, 153]. Transgenic rats 




Table 3: Mutant proteins selected for Y2H screens. Abbreviations: PD – Parkinson’s disease; 
SCA - spinocerebellar ataxia; HD – Huntington’s disease; ALS – amyotrophic lateral sclerosis; 
AD - Alzheimer’s disease. 
Protein Gene 
symbol 
Mutations Disease References 
-Synuclein SNCA A30P, E46K PD Kruger et al. (1998) [14]; 
Zarranz et al. (2004) 
[196] 




LRRK2 G2385A PD Mata et al. (2005) [204] 
Ataxin-1 ATXN1 Q79 SCA1 Orr et al. (1993) [207], 
Banfi et al. (1994) [206] 
Ataxin-3 ATXN3 Q73 SCA3 Kawaguchi et al. (1994) 
[208] 
Huntingtin HTT Q49, Q51, 
Q68, Q73, 
Q79, Q80 
HD Duyao et al. (1993) [13] 
Superoxide 
dismutase 1 
SOD1 A4V, G85R, 
G93A 
ALS Deng et al. (1993) [212], 














APP K670N/M671L AD Mullan et al. (1992) [118] 
Presenilin 1 PSEN1 A431E AD Yescas et al. (2006) 




Mutations in APP and presenilin 1 are associated with familial Alzheimer’s 
disease (AD) [118, 221, 222]. The selected APP mutation (K670N/M671L) leads 
to an 6-8 times increased A production [223-226], whereas the selected 
presenilin 1 mutation (A431E) modulates -secretase cleavage site preference, 
which leads to an increased production of A42 [227]. 
2.1.4 Identification of protein-protein interactions with the Y2H method 
As described above the top 655 genes predicted to be involved in 
neurodegenerative diseases (NDs) were initially selected for systematic 
interaction screens. For Y2H screens available bait (522) and prey (15,863) 
cDNAs were cloned into GatewayTM compatible Y2H screening vectors 
pBTM116-D9 (baits) and pACT4-DM (preys) and transformed into MATa and 
MAT yeast strains, respectively. Baits were systematically tested for 
autoactivity in the Y2H system, i.e. the ability to activate a reporter gene without 
an interaction partner. This was essential as the Y2H system is based on the 
reconstitution of a transcription factor. Initiation of transcription, due to latent 
reporter gene activation activity is present in ~5% of all proteins [228]. In the 
end, 108 genes were excluded and 414 non-autoactivating genes were selected 
for Y2H screens. Briefly, in the used automated Y2H system interacting proteins 
activate the HIS3 and URA3 reporter genes, which enable the cells to grow on 
selective agar plates without histidin and uracil. Additionally, lacZ reporter gene 
activation was monitored in -galactosidase assays. For systematic interaction 
mapping, 16 non-autoactivating baits were pooled and mated with one of the 
available preys. This was followed by a retest, in which all interacting preys 
were tested against each individual pool member (an exemplary result is shown 
in Figure 5A). The initial screens were performed in quadruplicates (cut-offs for 
retest: 3x growth or 2x growth and 1x lacZ positive), and the retests were 
done in quintuplicates. In total, 449 wild-type and 22 mutant proteins (baits) 
were screened for interactions against a library of 15,863 proteins (preys), i.e. 
more than 7.4 million protein pairs were tested for interactions. Finally, 18,663 
protein-protein interactions (PPIs) connecting 3,728 proteins were identified, of 
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which 16,353 PPIs involved only wild-type proteins and 2,310 PPIs involved 
mutant proteins. The identified interactions can be combined into a network by 
considering the interactions as edges and the connected proteins as nodes. 
This revealed one giant network of 18,662 interactions between 3,726 proteins 
and a single isolated network of two proteins (Figure 5B)1. 
 
Figure 5: A PPI network for proteins involved ND process identified by automated Y2H screens. 
(A) A representative picture of results obtained in retest experiments, where the identified 
interaction partners are tested against the single bait proteins of each pool. In this case 2 of the 
24 tested prey proteins were probably autoactive (marked with red boxes), because they 
interacted with a majority of the tested bait proteins. (B) Graphical representation of the 
identified Y2H network. In total, 18,663 interactions (edges) connect 3,728 proteins (nodes). 
Structural analysis of the resulting neurodegenerative disease network of 
18,663 PPIs with the NetworkAnalyzer plugin of Cytoscape revealed an 
average shortest path length between any two proteins of 3.41 interactions 
(Figure 6A) [229]. This means that the presented network is highly connected 
and fulfils the small world property [230], a characteristic feature of many 
                                            
1 The table with the identified interactions can be found online: 
http://141.80.164.19/y2h_network/ppi_search.php. The web page is currently password 
protected. The password can be requested from me (jennyruss@gmx.de). 
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networks such as the scientific collaboration networks [231] and several PPI 
networks [190, 232]. In the network each protein has about 10 interaction 
partners on average, which supports the observation that it is a high-density 
network. Additionally, I analyzed whether the network is scale-free by 
determining the degree distribution of the proteins in the network [233]. As 
expected for scale-free networks, the analysis showed a slow, power-law-
related decrease for the network proteins (Figure 6B). Networks that are 
characterized by a power-law degree distribution are highly non-uniform: most 
of the nodes have only a few links, while a few nodes have very large number of 
links (so called hubs), which hold the other nodes together [233]. Additionally, I 
found that the network contains 200 hub-proteins with more than 30 interaction 
partners and 1,030 proteins with just one interaction partner. A scale-free 
network is assumed to be more robust against random perturbations [234]. It is 
also interesting to identify regions in the network where proteins form cluster 
[233]. To assess this network characteristic, the average clustering coefficients 
for each protein were calculated. In my network with proteins potentially 
involved in NDs the clustering coefficients decrease with an increasing number 
of interaction partners of a protein (Figure 6C), which suggests a hierarchical 
network architecture [235]. This supports the previously published observation, 
that protein networks have two levels of organization: level 1 - the global 
organization by hub-proteins and level 2 - local organization modules 
represented by protein clusters, which are connected by hubs [190]. Finally, I 
also analyzed the extent to which the proteins in the network share interaction 
partners with other nodes, which is displayed by the topological coefficient (TC) 
for each protein in the network. In the identified PPI network the TC decreases 
with an increasing number of interaction partners (Figure 6D), showing that hub-
proteins only share few interaction partners. This indicates that the hub-proteins 




Figure 6: Structural properties of the Y2H PPI network were examined with the NetworkAna-
lyzer plugin of Cytoscape [229, 236]. (A) Distribution of the shortest path length between pairs of 
proteins in the Y2H network. On average, any two proteins in the network are connected via 
3.41 links. (B) Degree distribution of the network proteins. Number of proteins with a given link x 
in the network approximates a power law (y=651.78*x-1.265). (C) Degree distribution of the clus-
tering coefficients of the network proteins. The average clustering coefficient of all nodes ap-
proximates a power law (y = 0.592*x-0.872). (D) Distribution of the topological coefficients of the 
network proteins. 
2.1.5 Predicting high confidence Y2H interactions 
To score the confidence of experimentally derived Y2H interactions a machine 
learning based method was developed (together with M. Schaefer, Andrade lab 
MDC Berlin-Buch). The method is a support vector machine (SVM) based 
approach to obtain a comprehensive PPI score, which reflects the confidence of 
each individual interaction and combines five individual sub-scores. As 
described in the Methods section (4.2.5.2) the five sub-scores included Gene 
Ontology semantic similarity, complementarity of protein domains, co-
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expression of genes/proteins, number of orthologous interactions and network 
distance of proteins. The SVM decision function was used to categorize each 
interaction into two classes – high confidence (HC) and lower confidence (LC). 
Using the established scoring system 5,967 (32.5%) of all 18,663 PPIs were 
predicted to be HC interactions, whereas 12,595 (67.5%) were LC PPIs (Figure 
7). Homodimers could not be scored and accounted 101 interactions. In the 
data set of HC PPIs 803 (13.2%) were identified as previously published 
interactions, while in the LC PPI set only 7% (886) published PPIs were found 
(Figure 7). This indicates that the established scoring system is of good quality 
and enriches known interactions in the HC PPI data set. The analysis also 
revealed that the interaction screens detected 10.1% (1,719 PPIs) of all 
previously published interactions with the selected bait proteins (17,005 PPIs - 
which were identified with diverse methods). However, focusing on Y2H data 
44.7% (3,849 PPIs) of the previously published interactions were identified with 
this approach. 
 
Figure 7: Prediction of high confidence (HC) and lower confidence (LC) PPIs. 32% of all 
identified PPIs were HC interactions, whereas 67.5% were LC PPIs. In comparison to the 




2.1.6 Validation of Y2H interactions in mammalian cells with LUMIER 
The LUMIER assay was adapted for high-throughput validation of Y2H 
interactions (Figure 40) [237, 238]. Briefly, each protein-coding cDNA was 
shuttled into two mammalian expression vectors (pPA-Reni-DM and pFireV5-
DM). Then, protein A (PA)-Renilla luciferase (RL)-tagged fusion proteins were 
co-produced with firefly luciferase (FL)-tagged putatively interacting proteins in 
HEK293 cells. After 48 h protein complexes were co-immunoprecipitated from 
cell extracts in IgG-coated 384-well plates. After several washing steps 
interactions between bait (PA-RL fusion proteins) and prey proteins (FL fusion 
proteins) were monitored by quantification of firefly luciferase activity. The 
LUMIER assay was performed in both orientations (either protein immobilized) 
with triplicates of each. An interaction was accepted as positive if at least in one 
orientation two of the three repetitions were positive. As described in section 
4.2.2.5 three protein pairs (A) PA-RL-X + FL-Y, (B) PA-RL + FL-Y and (C) PA-
RL-X + FL were individually co-produced in HEK293 cells to investigate the 
interaction between proteins X and Y. R-op and R-ob binding ratios were 
obtained by dividing the firefly luminescence activity measured in sample A by 
activities found in samples B (R-op) and C (R-ob). R-op and R-ob binding ratios 
of >1.5 were determined as threshold for reliable, specific protein-protein 
interactions. 
In a first step, the adapted LUMIER assay was tested using 83 well described 
protein-protein interactions from a “Golden positive set”, which were found in 
more than one peer-reviewed publication [239, 240]. It was possible to detect 
70 of these PPIs as positives in this assay, resulting in a validation rate of 
84.3%. The result suggests that the established LUMIER assay works well for 
the validation of PPIs. 
Next, the adapted LUMIER assay was used to validate a representative subset 
of interactions from the Y2H screen. The interactions taken for validation were 
selected by the following priorities: PPIs of targets for which wild-type and 
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mutant constructs had been screened in the Y2H assay were validated with first 
priority, followed by interactions of known important disease proteins and risk 
factors of neurodegenerative diseases. Based on these criteria 1,341 PPIs were 
tested in the modified LUMIER assay (561 HC PPIs / 780 LC PPIs), which 
covered 8.1% (HC: 10.8% / LC: 6.9%) of the identified Y2H interactions (Figure 
8). The average validation rate for the tested interactions in the LUMIER assay 
was 48%. Finally, I assessed the quality of the confidence scoring system using 
the LUMIER validation results. 321 PPIs (57.2%) of the HC PPI data set were 
successfully validated, whereas only 323 LC PPIs (41.4%) were reproduced 
with the LUMIER assay (Figure 8). Therefore, the validation rate is significantly 
higher for HC than for LC interactions (p < 0.0001, Fisher’s exact test). 
 
Figure 8: Validation of identified Y2H interactions with a modified LUMIER assay. The number 
of validated PPIs among the tested HC interactions (57.2%) was significantly higher than for the 
LC PPIs (p < 0.0001, Fisher’s exact test). 
As described above a large set of Y2H interactions was validated with the 
LUMIER assay in HEK293 cells. Next, I specifically analyzed the LUMIER data 
obtained with different variants of TDP-43. TDP-43 is the main component of 
ubiquitinated aggregates in sporadic and familial ALS as well as in some cases 
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of FTLD [37, 38]. Moreover, mutations in TDP-43 cause familial ALS and FTLD 
[154]. In case of TDP-43, 108 interactions (80 HC PPIs, 28 LC PPIs) were 
tested with the LUMIER assay and 80 PPIs (74.1%; HC: 65 (81.3%); LC: 15 
(53.6%)) could be validated (Figure 9). Interestingly, the validation rate for the 
two ALS-causing mutant variants of TDP-43 (Q331K: 26 of 27 (96.3%); M337V: 
10 of 11 (90.9%)) was significantly higher (p < 0.0001, Fisher’s exact tests) than 
for wild-type TDP-43 (44 of 70 (62.9%)). This suggests that the interactions of 
the two mutants might be stronger or less transient than the interactions of wild-
type TDP-43. 
 
Figure 9: Validation of TDP-43 interactions with the LUMIER assay. The shown network 
contains 108 tested PPIs for wild-type (WT) TDP-43 and mutant TDP-43 (Q331K and M337V). 
The validated interactions are shown as violet lines. Abbreviations: HC – high confidence PPIs; 
LC – lower confidence PPIs. 
2.1.7 PHF19 specifically interacts with mutant TDP-43 in mammalian cells 
In the previous section I described that the adapted LUMIER assay works very 
well for the validation of PPIs identified in automated Y2H screenings. Next, I 
took advantage of the LUMIER assay to identify wild-type or mutant specific 
TDP-43 interactions in mammalian cells. I specifically analyzed TDP-43 
interactions, because a large set of TDP-43 Y2H interactions could be validated 
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with the LUMIER assay and it was shown previously that the ALS protein FUS 
interacts more strongly with mutant TDP-43 [171]. For that, I tested a set of 40 
high confidence (HC) Y2H interactions of TDP-43, in the LUMIER assay with 
wild-type (wt) and mutant variants of the TDP-43 protein (Q331K and M337V). 
In the first experiment 8 mutant/wt-specific PPIs were identified for TDP-43 
(hnRNP Q, PHF19, GMPPA, ZNF581, NAA38, PCGF6, TRIM69 and MED19) 
with this approach. To further validate these results the LUMIER experiment 
was repeated with the 8 identified interactions (Figure 10). Just the interactions 
detected as specific in both experiments were accepted as specific for the wild-
type or mutant protein. Seven proteins either interacted with all three variants of 
TDP-43 (hnRNP Q, NAA38 and TRIM69) or with wild-type TDP-43 and with one 
of the two mutants (Q331K: GMPPA, ZNF581 and PCGF6; M337V: MED19). In 
contrast, the PHD finger protein PHF19 specifically interacted with TDP-
43_Q331K and TDP-43_M337V but not with wild-type TDP-43 (Figure 10A).In 
the Y2H screen PHF19 was also seen to specifically interact with the mutant 
TDP-43_Q331K. PHF19 was previously shown to interact with two components 
(EZH2 and EED) of the chromatin-remodelling complex PRC2, which is 
required for transcriptional repression [241]. Therefore, PHF19 might regulate 
the function of this protein complex and the interaction with mutant TDP-43 
might disrupts the function of the PRC2 complex. 
Analysis of the Renilla and firefly luminescence before co-immunoprecipitation 
(input) revealed that both bait (Renilla luciferase-tagged wild-type and mutant 
TDP-43) and prey proteins (firefly luciferase-tagged PHF19) were produced at 
similar levels in HEK293 cells during the LUMIER assay (Figure 10B). These 
results ensure that the interaction between wild-type TDP-43 and PHF19 was 
not identified because one of the proteins was not produced, but because the 




Figure 10: PHF19 specifically interacts with mutant TDP-43 in mammalian cells. (A) Mean 
log(R-op) and log(R-ob) values for the tested interactions between the three forms of TDP-43 
and PHF19 are shown. PHF19 specifically interacts with TDP-43_Q331K and TDP-43_M337V 
(R-op and R-ob < log(1.5) in case of wild-type TDP-43). (B) Bait and prey proteins were 
produced at similar levels in HEK293 cells. Production was estimated by measuring Renilla and 
firefly luminescence. Error bars indicate standard deviation (n = 3). 
2.1.8 Validation of high-confidence TDP-43 interactions by co-
immunoprecipitation experiments 
Four LUMIER validated HC interactions of wild-type TDP-43 (FUS, IGF2BP2, 
RbAp48, and NAA38) were further investigated with co-immunoprecipitation 
(Co-IP) experiments. The Co-IP experiments were based on endogenous 
proteins and were performed using the neuroblastoma cell line SH-SY5Y. 
Proteins were selected for Co-IPs when they were expressed in the human 
brain (The Human Protein Atlas [242]) and when an antibody was available. 
Co-IPs of endogenous proteins were performed by incubating fresh SH-SY5Y 
cell lysates first with specific antibodies for 3 h and then additionally with protein 
G-coated Dynabeads® for 1 h (for more details see section 4.2.2.7). PPIs were 
then analyzed by SDS-PAGE and Western blotting. The interaction of TDP-43 
and the hnRNP protein FUS (Figure 11) was used as a positive control. FUS, 
like TDP-43, is an ALS and FTLD disease protein [150, 153]. Its interaction with 
TDP-43 was first identified with a mass spectrometry-based method (SILAC-
TAP) and validated among others by endogenous Co-IPs from HeLa cells [171]. 
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In this study, it was possible to validate the interaction between TDP-43 and the 
insulin growth factor-II mRNA-binding protein family member IGF2BP2 (Figure 
11). This interaction was also previously detected by SILAC-TAP but was not 
verified with other methods [171]. Additionally, I validated the newly identified 
interaction between TDP-43 and RbAp48, a Mi-2/nucleosome remodelling and 
deacetylase (NuRD) complex member, by Co-IPs (Figure 11) [243, 244]. The 
Mi-2/NuRD protein complex is implicated in chromatin remodelling and 
transcriptional repression, supporting the hypothesis that TDP-43 plays a 
functional role in transcriptional regulation and chromatin remodelling. Finally, 
the interaction of TDP-43 and NAA38 was not successfully validated here as 
the protein was not detectable in SH-SY5Y cells. 
 
Figure 11: Validation of the interactions between TDP-43 and FUS (anti-FUS), IGF2BP2 (anti-
TDP-43) and RbAp48 (anti-TDP-43) by co-immunoprecipitation of endogenous proteins. Im-
munoprecipitations (IPs) from SH-SY5Y cell lysates were performed with antibodies against 
TDP-43, IGF2BP2, RbAp48 and 14-3-3-eta (YWHAH; control antibody). Immunoblotting (IB) 
was performed with antibodies against FUS and TDP-43. 
 
2.2 Bioinformatic analyses of high confidence PPI networks 
for neurodegenerative diseases 
The high confidence (HC) interactions described in the previous chapter provide 
a basis for more detailed investigation into the biological relevance of the 
identified interactions. Therefore, the analyses described in this chapter focuses 
primarily on HC protein-protein interactions (PPIs). This chapter includes a 
comparison of wild-type and mutant HC PPI networks with a specific focus on 
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TDP-43 and the identification of four proteins that link five different 
neurodegenerative diseases (AD, ALS, HD, PD and SCA1) to each other. 
2.2.1 Comparison of the wild-type and mutant Y2H PPI networks 
As described in section 2.1.5 the interactions identified with the Y2H system 
were devided into two groups: high confidence (HC) and lower confidence (LC) 
PPIs. A comparison of the interactions that have been detected with mutant or 
wild-type baits revealed similar rates of HC interactions (wild-type PPIs: 38.2% 
(788 PPIs); mutant PPIs: 39.0% (567 PPIs); Figure 12A). However, I found that 
the rate of published interactions in these data sets is slightly higher for mutant 
interactions than for wild-type interactions. As expected a higher number of 
previously identified interactions were identified in the data sets of both wild-
type and mutant HC interactions compared to LC interactions. This readily 
confirms the analysis shown in Figure 7, which did not differentiate between 
wild-type and mutant Y2H PPIs. Thus, this analysis indicates that both wild-type 
and mutant bait proteins produce Y2H interaction data of very similar quality. 
Next, I analyzed whether the wild-type and mutant bait proteins reveal 
overlapping Y2H HC PPI data sets (Figure 12B). I found that 78% (442 PPIs) of 
the mutant PPIs were also identified with wild-type bait proteins, indicating that 
most prey proteins can be identified with both wild-type and mutant bait 
proteins. However, 145 PPIs (22%) were exclusively detected with mutant baits 
and 366 PPIs (43.9%) with wild-type baits, indicating that wild-type baits detect 
a significantly higher number of interactions than mutant NDPs (p = 0.0015, 
Fisher’s exact test). This suggests mutations in NDPs more likely cause a 





Figure 12: Comparison of Y2H interaction networks generated with wild-type and mutant NDPs. 
(A) The rate of high confidence (HC) interactions was comparable among the corresponding 
wild-type and mutant PPIs and the number of published interactions was markedly higher 
among the HC interactions for both wild-type and mutant PPI networks. (B) 78% of the mutant 
HC interactions overlapped with the corresponding wild-type interactions. The rate of wild-type 
specific interactions (43.9%) was significantly higher than the rate of mutant specific interactions 
(22%). Abbreviations: LC – lower confidence; wt – wild-type. 
The analysis of HC Y2H PPIs above strongly indicates that wild-type and 
mutant NDPs yield overlapping but also unique interaction partners (Figure 12). 
To gain further insight into disease mechanisms, subnetworks for specific NDPs 
were analyzed in more detail. Initially, the number of wild-type and mutant PPIs 
of each NDP was ascertained (independent of the number of mutants 
screened). The results are summarized in Table 4. Interestingly, for most of the 
mutant proteins fewer interaction partners were identified than for the 
corresponding wild-type proteins (e.g. APP and parkin). Exceptions were the 
proteins -synuclein and ataxin-1, suggesting that mutations in these two 
proteins cause disease by a gain-of-function rather than a loss-of-function 
mechanism. In all cases, more than 50% of interactions were shared by both 
the mutant and wild-type forms of a protein. The proteins FUS (36.4%) and -
synuclein (35.1%) showed the highest rate of mutant specific interactions, 
whereas no mutant specific interactors could be identified for presenilin 1, 
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LRRK2 and ataxin-3. In contrast, the number of wild-type specific interactions 
ranged from 14.5% for ataxin-1 to 85.7% for ataxin-3 and therefore varied 
widely for different individual NDPs. 
Table 4: Number of HC wild-type, mutant and overlapping PPIs for each NDP identified with the 
Y2H system. In brackets the rates of wild-type-specific, mutant-specific and mutant interactions 
overlapping with corresponding wild-type PPIs are shown. 
Disease Protein Wild-type PPIs Mutant PPIs Overlapping PPIs
AD APP 166 (64.5%) 74 (20.3%) 59 (79.7%) 
AD Presenilin 1 11 (54.6%) 5 (0%) 5 (100%) 
ALS FUS 11 (36.4%) 11 (36.4%) 7 (63.6%) 
ALS SOD1 26 (23.1%) 23 (13%) 20 (87%) 
ALS TDP-43 95 (34.7%) 78 (20.5%) 62 (79.5%) 
HD Huntingtin 227 (35.7%) 173 (15.6%) 146 (84.4%) 
PD LRRK2 2 (50%) 1 (0%) 1 (100%) 
PD Parkin 73 (74%) 26 (26.9%) 19 (73.1%) 
PD -synuclein 66 (27.3%) 74 (35.1%) 48 (64.9%) 
SCA1 Ataxin-1 83 (14.5%) 98 (27.5%) 71 (72.5%) 
SCA3 Ataxin-3 28 (85.7%) 4 (0%) 4 (100%) 
 
For some of the NDPs several variants with point mutations were screened for 
protein-protein interactions. This included -synuclein, SOD1 and TDP-43. A 
detailed analysis of TDP-43 interaction partners follows in the next section. 
As described in section 2.1.3 the two mutant variants A30P and E46K of -
synuclein were screened for interactions in addition to the wild-type protein. In 
total 66 interactions were identified for the wild-type protein, whereas 68 PPIs 
were found with the A30P variant and only 19 PPIs were detected for -
synuclein E46K (Figure 13A). The fact that very different numbers of interaction 
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partners were identified with mutant and wild-type -synuclein proteins, which 
also very likely have different cellular functions, is in agreement with previous 
reports indicating that different mutant -synuclein variants might cause 
different forms of synucleinopathies (A30P: Parkinson’s disease and E46K: 
Lewy body dementia with parkinsonism [14, 196]). I suggest that based on the 
identified interaction partners that the A30P mutation might cause a gain-of-
function phenotype, while the E46K mutation might lead to a loss-of-function 
phenotype. 
 
Figure 13: Interactions identified for wild-type and mutant variants of (A) -synuclein and (B) 
SOD1. In both cases the different mutations lead to alterations in terms of interaction partners. 
Abbreviation: WT – wild-type.  
In comparison to the wild-type SOD1 protein (26 PPIs) fewer interactions could 
be identified for all three selected SOD1 mutants (A4V (13 PPIs), G85R (16 
PPIs) and G93A (11 PPIs)) as shown in Figure 13B. Interestingly, mutant 
specific PPIs could only be detected for the G85R variant (18.8% (3 PPIs)) and 
just six wild-type specific PPIs were found in total for SOD1. This indicates that 




2.2.2 Identification of functionally distinct interaction partners for wild-
type and mutant neurodegenerative disease proteins 
Next, the HC Y2H networks generated for wild-type and mutant NDPs were 
investigated for enrichment of protein and/or pathways that are abnormally 
altered in patients with NDs. A GO term enrichment analysis (only biological 
process categories were considered) was performed with the Cytoscape plugin 
BinGO for the two networks and the results are depicted in Figure 14. I found 
that GO terms with disease relevance (e.g. cell death, transcription and RNA 
splicing) were found to be significantly enriched among the HC interactors of 
mutant NDPs compared to HC interactors of wild-type proteins, indicating that 
abnormal interactions between mutant NDPs and proteins involved in key 
cellular processes might contribute to the disease phenotype in NDs (Figure 
14). The statistical significance of this analysis was evaluated with Fisher’s 
exact tests. GO terms related to transcription and protein production like 
“regulation of transcription” (p < 0.0001), “RNA splicing” (p < 0.0001), and 
“mRNA stabilization” (p = 0.0239) as well as cell death related terms such as 
“regulation of programmed cell death” (p = 0.0032), “cell death” (p = 0.017), and 
“apoptotic mitochondrial changes” (p = 0.0494) were significantly enriched in the 
PPI data set, which was obtained with mutant NDPs. In addition, neuronal 
development related terms (e.g. “neurogenesis” (p = 0.0099) and “regulation of 
NS development” (p = 0.0067)) and other functional categories which are not 
immediately related to neurodegenerative diseases like “intracellular signaling” 
(p < 0.0001) and “DNA repair” (p < 0.0001) were also enriched among the 
mutant protein interactors. These results indicate that mutations in NDPs such 
as TDP-43, -synuclein, SOD1 or APP yield HC Y2H PPI networks that are 




Figure 14: Functional enrichment analysis of wild-type and mutant HC PPI networks. Biological 
process-related over-represented GO terms were identified with the Cytoscape plugin BinGO in 
both networks and significance of enrichment was assessed by Fisher’s exact tests (*p < 0.05; 
**p-value < 0.01; ***p-value < 0.001). Abbreviations: IPs – interaction partners. 
Along with wild-type TDP-43, two disease-causing mutants (Q331K and M337V) 
were screened for interactions using the Y2H system. In total, 96 high 
confidence PPIs were detected for wild-type TDP-43. In comparison, fewer 
interactions were found for the mutant proteins (Q331K: 71 PPIs; M337V: 23 
PPIs; see Figure 15A). The strong difference in number of interactions for the 
two mutants compared to wild-type TDP-43 suggests a loss-of-function 
phenotype. Moreover, the lower number of PPIs identified with the M337V 
mutant compared to the Q331K mutant seems to be in agreement with the fact 
that the Q331K mutation is associated with sporadic ALS, whereas the M337V 
mutation is associated with familial ALS [15]. No such agreement could be 
found when considering the aggregation propensity or the toxicity of the two 
mutant variants as it was shown that TDP-43_Q331K consistently forms more 
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aggregates and is more toxic to yeast cells than the TDP-43_M337V protein 
[219]. Additionally, significantly more wild-type specific interactions (34.4% (33 
PPIs)) could be identified than mutant specific ones (Q331K: 18.3% (13 PPIs; p 
= 0.0151, Fisher’s exact test); M337V: 17.4% (4 PPIs; p = 0.009, Fisher’s exact 
test)). 
When comparing the functional annotations (Gene Ontology and literature 
information) of the interactors of wild-type TDP-43 with those of the two 
mutants, it is apparent that significantly more of the wild-type interactors play a 
role in protein degradation (14 PPIs (14.7%, wild-type), while only a few 
proteins with such a cellular function were detected with the mutant variants 
(Q331K: 2 PPIs, 2.8%; M337V: 1 PPI, 4%; shown in Figure 15). This suggests 
that the degradation of the mutant proteins might be disturbed in ALS patients, 
which might lead to increased protein aggregation, which is a characteristic 
feature in patients [37, 38]. Indeed, previous studies showed that ALS-
associated mutations in TDP-43 increase its stability [171]. In contrast the 
percentage of proteins associated with a function in transcription was very 
similar for the interactors of the three proteins (wild-type: 30.5% (29 PPIs); 
Q331K: 36.6% (26 PPIs); M337V: 26.1% (6 PPIs); Figure 15). This indicates 
that the function of TDP-43 as transcriptional regulator is not disturbed by the 
mutations. 
Finally, I found that in comparison to the wild-type protein and the Q331K 
mutant a significantly higher fraction of TDP-43_M337V interactors were 
associated with RNA processing (wild-type: 26.3% (25 PPIs); Q331K: 26.8% 
(19 PPIs); M337V: 56.5% (13 PPIs); see Figure 15). As TDP-43 is known to be 
involved in RNA processing, these results suggest that the function of TDP-43 in 




Figure 15: Identification of HC PPIs for wild-type and mutant TDP-43 proteins. (A) Network of 
HC interactions generated with wild-type (WT) TDP-43, TDP-43_Q331K and TDP-43_M337V 
proteins as baits. The interactors were functionally annotated according to Gene Ontology and 
literature information and the functions were summarized to three main groups (transcription, 
RNA processing and protein degradation). (B) The fraction of interaction partners (IPs) with a 
function in protein degradation is significantly higher for wild-type proteins than for mutant TDP-
43 proteins. In comparison, significantly more IPs involved in RNA processing were found for 
TDP-43_M337V than for wild-type TDP-43 or the mutant variant Q331K. The significance was 
assessed by Fisher’s exact tests (*p < 0.05; **p < 0.01; *** p < 0.001). 
2.2.3 Connecting neurodegenerative disease proteins via common HC 
interaction partners 
One of the main objectives in this study was to utilize comprehensive PPI net-
works to identify new proteins that play a role in different NDs. Therefore, ND-
specific PPI networks for Huntington’s disease (HD; 254 PPIs), spinocerebellar 
ataxia type I (SCA1; 112 PPIs), Parkinson’s disease (PD; 218 PPIs), amyotro-
phic lateral sclerosis (ALS; 201 PPIs), and Alzheimer’s disease (AD; 201 PPIs) 
were generated using the available HC Y2H interactions (Figure 16). In this 
study the term “common interaction partner of neurodegenerative disease pro-
teins (NDPs)” was defined as a protein that associates with different NDPs and 
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thereby might link the disease processes in different NDs. By filtering all five 
ND-specific networks for interaction partners of NDPs found in all five networks, 
I identified four proteins (APP, IQSEC1, ZNF179 and ZMAT2) connected all five 
NDs (Figure 16). The interactions of the four proteins with wild-type and mutant 
NDPs are summarized in Appendix 5.2. 
 
Figure 16: APP, IQSEC1, ZNF179 and ZMAT2 connect five different neurodegenerative 
diseases. Five ND-specific HC PPI networks were generated from HC PPIs identified with the 
listed NDPs. The networks were filtered for interaction partners (IPs) of NDPs common to all five 
networks. This resulted in the depicted protein-disease network. 
The amyloid precursor protein APP is involved in synaptic formation as well as 
repair and APP expression is upregulated during neuronal differentiation and 
after neural injury [130, 245]. Roles in cell signalling, long-term potentiation, and 
cell adhesion have also been proposed for APP [246]. The ARF-GEP100 protein 
(IQSEC1) is involved in signal transduction. It is a guanine nucleotide exchange 
factor that promotes binding of GTP to the ADP ribosylation factor protein ARF6 
[247]. IQSEC1, by activation of ARF6, is therefore involved in the control of 
processes such as endocytosis of plasma membrane proteins, E-cadherin recy-
cling and actin cytoskeleton remodelling [248]. ZNF179 is a RING finger protein, 
which is highly expressed in the brain [249]. ZNF179 is assumed to be involved 
in transcriptional regulation [250], but the function is not well described. The 
function of the zinc finger matrin-type 2 protein (ZMAT2) is unknown. But the 
zinc finger of matrin-type proteins were previously found to be involved in RNA 
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splicing suggesting that ZMAT2 might also be involved in this process [251, 
252].  
To investigate whether the four proteins APP, IQSEC1, ZNF179 and ZMAT2 
indeed play a role in several NDs, I analyzed their mRNA expression in PD, HD 
and AD patient brains from previously published data collected by NextBio 
Research (Figure 17) [253-258]. Strikingly, I found that all four proteins are 
significantly down-regulated in the caudate nucleus of HD patients compared to 
controls. Similarly, three of these proteins (APP, IQSEC1 and ZMAT2) were 
found to be abnormally down-regulated in the substantia nigra of PD patients 
and the hippocampus of AD patients (IQSEC1, ZNF179 and ZMAT2). In 
contrast, an up-regulation of APP was observed in AD brains compared to 
controls, confirming previously published results [259]. These results indicate 
that the four proteins indeed seem to play a role in the pathogenesis of several 
neurodegenerative diseases and are a good starting point for further 
investigations. 
 
Figure 17: mRNA expression of APP, IQSEC1, ZNF179 and ZMAT2 is dysregulated in PD, HD 
and AD patient brains. The analysis was based on gene expression data available from NextBio 
Research (*p < 0.05; **p < 0.01; ***p < 0.001; Student’s t-test) [254]. In case of ZNF179 no data 




2.3 Investigating the functional role of IQSEC1, ZNF179 and 
ZMAT2 in neurodegenerative disease processes 
In the previous chapter I described that APP, IQSEC1, ZNF179 and ZMAT2 
interact with different NDPs that as mutant variants cause familial AD, ALS, HD, 
PD or SCA1. In the following chapter I investigated the role of IQSEC1, ZNF179 
and ZMAT2 in ND processes such as protein aggregation and A production. I 
focus on the three proteins because to date nothing is known about them in 
relation to NDs. All the experiments were performed in the AD cell model SH-
SY5Y_APP695, which stably over-expresses APP695. This was done to have 
the same cell model in all experiments.  
 
2.3.1 Knock-down of IQSEC1, ZNF179 and ZMAT2 alters the mRNA 
expression of several neurodegenerative disease proteins 
As I explained in section 2.2.3, ZNF179 and ZMAT2 most likely play a functional 
role in transcriptional regulation. Moreover, gene expression changes can 
directly cause neurodegenerative diseases, as shown for the duplication of the 
SNCA gene, which causes increased -synuclein protein levels in neurons and 
leads to autosomal dominant PD [16, 260]. Therefore, transcriptional regulation 
in general might be an important mechanism in neurodegenerative disease 
processes. Thus, it would be very interesting to know whether IQSEC1, ZNF179 
and ZMAT2 that were identified by interaction network filtering (Figure 16) 
influence the expression of known ND genes in a neuronal cell model. 
In order to analyze the effect of the three proteins IQSEC1, ZNF179 and ZMAT2 
on the expression of the genes HTT, ATXN1, TARDBP, APP, SNCA and 
PARK2, they were knocked-down in the neuronal cell line SH-SY5Y_APP695. 
This to some extend recapitulates the situation in patient brains, because 
previous investigations indicate that expression of these genes is abnormally 
down-regulated in brains of PD, HD and AD patients (see Figure 17). Total RNA 
was isolated from the cells 72 h after transfection with siRNA pools and mRNA 
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levels were assessed by qRT-PCR after cDNA synthesis. In addition to the 
mRNA levels of the six known disease genes (HTT, ATXN1, TARDBP, APP, 
SNCA and PARK2) the mRNA levels of IQSEC1, ZNF179 and ZMAT2 were 
determined to quantify the knock-down effeciency. The qRT-PCR data was 
evaluated with the comparative CT method (see section 4.2.1.10). The data was 
first normalized to the housekeeping gene ACTB (-actin) and then compared to 
the reference sample transfected with non-targeting control siRNA. Significance 
was assessed by Student’s t-tests. 
Knock-down of IQSEC1 resulted in a significantly increased expression of the 
genes HTT, TARDBP, SNCA and PARK2 (Figure 18) in the SH-SY5Y_APP695 
cell model, while IQSEC1 was down-regulated by about 78% through the siRNA 
treatment (Figure 18). In contrast, I found that knock-down of ZNF179 (mRNA 
expression reduced by 68%) significantly reduced HTT, ATXN1, TARDBP and 
SNCA mRNA expression. APP expression was also slightly reduced by ZNF179 
siRNA treatment, whereas PARK2 mRNA levels were slightly increased. 
Interestingly, the treatment of the samples with siRNA targeting ZMAT2 
significantly enhanced the mRNA expression of all six disease genes (HTT, 
ATXN1, TARDBP, APP, SNCA and PARK2), while the mRNA level of ZMAT2 
was decreased by 43%. In summary, these results indicate that the knock-down 
of IQSEC1, ZNF179 and ZMAT2 indeed changes the expression of known ND 
genes such as HTT, SNCA or PARK2. This suggests that the three proteins, 
which were identified by interaction network filtering, play a role in 




Figure 18: mRNA expression analysis of known ND genes after knock-down of IQSEC, ZNF179 
and ZMAT2. (A) Treatment of SH-SY5Y_APP695 cells with IQSEC1, ZNF179 and ZMAT2 
siRNA pools altered mRNA expression of ND genes (*p < 0.05; **p < 0.01; ***p < 0.001; n = 3; 
Student’s t-test). Knock-down of ZNF179 mainly reduced expression of ND genes, whereas 
knock-down of IQSEC1 and ZMAT2 predominantly increased mRNA expression of ND genes. 
(B) mRNA expression of IQSEC1, ZNF179 and ZMAT2 after treatment with siRNA pools. siRNA 
treatment resulted in a knock-down efficiency of 40-80%. In both graphs error bars indicate SD 
values. 
2.3.2 Silencing of IQSEC1, ZNF179 and ZMAT2 increases huntingtin, 
ataxin-1 and TDP-43 aggregation 
Previous studies indicate that the NDPs huntingtin (HTT), ataxin-1 (ATXN1) and 
TDP-43 (TARDBP) form insoluble protein aggregates in Huntington’s disease 
(HD), spinocerebellar ataxia type 1 (SCA1) and amyotrophic lateral sclerosis 
(ALS), respectively (see section 2.1.3). Moreover, experimental evidence was 
obtained that protein aggregation in patient brains and disease model systems 
is connected with neuronal dysfunction and toxicity [261-263]. Therefore, I 
analyzed the effect of IQSEC1, ZNF179 and ZMAT2 knock-down on mutant 
huntingtin (EYFP-HTTEx1Q79), mutant ataxin-1 (EYFP-ATXN1Q79) and wild-
type TDP-43 (EYFP-TDP-43) aggregation in a mammalian cell model system. 
For this purpose, SH-SY5Y_APP695 cells were co-transfected with EYFP-
HTTEx1Q79, EYFP-ATXN1Q79 or EYFP-TDP-43 encoding plasmid vectors 
and siRNA pools targeting IQSEC1, ZNF179 or ZMAT2. After 72 h of incubation 
the cells were fixed and aggregation of the corresponding NDPs was assessed 
using high content fluorescence imaging (see 4.2.3.5). Only cells with an EYFP 
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signal were considered and results were normalized to cells transfected with 
non-targeting control siRNA. The significance of changes in aggregation was 
assessed by Student’s t-tests. The knock-down of all three proteins significantly 
increased aggregation of huntingtin, ataxin-1 and TDP-43 (Figure 19). These 
results provide strong evidence that the proteins IQSEC1, ZNF179 and ZMAT2 
are potential modifiers of ND processes, which likely influence aggregation of 
huntingtin, ataxin-1 and TDP-43 in HD, SCA1 and ALS. 
 
Figure 19: Silencing of endogenous IQSEC1, ZNF179 and ZMAT enhances huntingtin, ataxin-1 
and TDP-43 aggregation. SH-SY5Y_APP695 cells were co-transfected with siIQSEC1, 
siZNF179, siZMAT2 or with siNTC together with plasmid vectors encoding EYFP-HTTEx1Q79, 
EYFP-ATXN1Q79 or EYFP-TDP-43. The cells were incubated for 72 h and aggregation was 
quantified using high content fluorescence imaging. The IQSEC1, ZNF179 and ZMAT2 knock-
down resulted in a ~1.5-2-fold increase of huntingtin, ataxin-1 or TDP-43 aggregation (**p < 
0.01; ***p < 0.001; n = 9; Student’s t-test). The values are shown as mean+SD. 
2.3.3 Knock-down of endogenous IQSEC1, ZNF179 and ZMAT2 
influences Alzheimer’s disease-related pathogenic mechanisms 
The results presented in the previous section suggest that the proteins IQSEC1, 
ZNF179 and ZMAT2 might play a role in the pathogenesis of three different 
neurodegenerative diseases (NDs). As the mRNA expression of the three genes 
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was significantly altered in Alzheimer’s disease (AD) brains (Figure 17) and 
knock-down of ZMAT2 significantly increased APP mRNA expression, the three 
proteins might also play a role in AD. A peptides in the brains of AD patients 
are known to form toxic oligomeric structures and plaques [6] as well as trigger 
the assembly of neurofibrillary tangles, which consist of the 
hyperphosphorylated microtubule-associated tau protein [121, 264]. APP is a 
critical factor in the pathogenesis of AD, as APP undergoes post-translational 
processing to generate amyloid- (A) peptides [115, 130]. Therefore, I next 
tested the effects of IQSEC1, ZNF179 and ZMAT2 knock-down on A 
production and the expression of total as well as of hyperphosphorylated tau. 
Extracellular levels of A40 and A42 released from SH-SY5Y_APP695 cells 
into the medium were measured using an A ELISA kit (Meso Scale Discovery) 
in order to assess the effect of siRNA treatment on APP processing. Briefly, 72 h 
post-transfection with siRNA pools, medium samples were collected and 
prepared for the A ELISA according to the manufacturer’s instruction. The 
measured raw data was normalized to the number of cells in each sample. The 
concentrations of the A peptides were calculated from a standard curve 
(established with a dilution series of both peptides) and compared to cells 
transfected with non-targeting control siRNA. The A42/A40 ratio was 
calculated from the values of single peptides. This analysis was performed, 
because it is known from patients with familial AD that mutations in disease 
genes such as presenilin 1 influence the ratio of A42/A40 peptides and cause 
a shift towards A42 in patient brains [265]. Here, I found that the knock-down 
of IQSEC1, ZNF179 and ZMAT2 significantly decreased extracellular A40 
levels (IQSEC1: -55%; ZNF179: -50%; ZMAT2: -78%; Figure 20). However, I 
also observed that the knock-down of the three genes either had no significant 
effect on A42 levels (siIQSEC1) or significantly increased the extracellular 
levels of A42 (ZNF179: +28.6% and ZMAT2: +43.4%). This gave rise to an 
significantly increased A42/A40 ratios in case of IQSEC1 (~3-fold) and 
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ZMAT2 (~6-fold) and an almost significant rise of the ratio in case of ZNF179 
depletion (+170%). In summary, this analysis shows that the knock-down of 
IQSEC1, ZNF179 and ZMAT2 influence the production of A peptides, resulting 
in the production of more aggregation-prone A42 peptides [20, 131, 266]. This 
is in agreement with the finding that knock-down of these three genes results in 
an increased huntingtin, ataxin-1 and TDP-43. Thus, reduced expression of the 
three proteins in patient brains might influence pathogenesis in different NDs. 
 
Figure 20: Quantificiation of extracellular A peptide levels after silencing of IQSEC1, ZNF179 
and ZMAT2 in SH-SY5Y_APP695 cells. 72 h after transfection with siRNAs the concentration of 
the A peptides was measured in the cell culture medium using an A ELISA kit. The ratio of 
A42 to A40 peptides was altered upon siRNA treatment, because the levels of A40 
decreased and the A42 levels were increased (IQSEC1, ZNF179 and ZMAT2). The 
significance in comparison to samples treated with non-targeting control siRNA was assessed 
by Student’s t-tests (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001) and the columns represent 
mean+SD values. 
Next, I studied the effects of IQSEC1, ZNF179 and ZMAT2 silencing on the 
expression of tau and hyperphosphorylated tau proteins. Protein expression 
was analysed by SDS-PAGE and Western blotting 72 h post-transfection with 
siRNA pools targeting the four proteins. As a control I used non-targeting control 
siRNA. The Western blot signal intensities were quantified by 2D densitometry 
(AIDA software, raytest Isotopenmessgeräte GmbH). The quantified signals of 
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the analyzed proteins were normalized to the corresponding signals of -actin. 
All forms of the endogenous tau protein (phosphorylated and non-
phosphorylated) were visualized with the K9JA polyclonal antibody against 
human tau (1:1,000, Dako) in order to determine the total amount of tau. The so 
called paired helical filaments (PHFs) are a major component of the 
neurofibrillary tangles and that are composed of tau in a hyper-phosphorylated 
state [267]. Hyperphosphorylated tau was visualized with the monoclonal anti-
PHF-tau antibody AT8 (1:100; Thermo Scientific), which specifically detects 
PHF-tau doubly phosphorylated at Ser202 and Thr205 [268]. In Figure 21 it is 
shown that the knock-down of IQSEC1, ZNF179 and ZMAT2 led to a significant 
increase of total tau in the SH-SY5Y_APP695 cell model. The silencing of 
IQSEC1 and ZNF179 also significantly increased the amount of 
hyperphosporylated tau protein. However, this effect was less pronounced 
compared to the effect on total tau protein production. These results indicate 
that decreased expression of IQSEC1, ZNF179 and ZMAT2 not only influence 
APP processing and A peptide production but also affect tau production and 
phosphorylation.  
 
Figure 21: Analysis of total and hyperphosphorylated tau protein levels in SH-SY5Y_APP695 
cells upon IQSEC1, ZNF179 or ZMAT2 knock-down. Total and hyperphosphorylated PHF tau 
was quantified in relation to signals from cells treated with non-targeting control siRNA, followed 
by signal normalization to -actin levels. The knock-down of IQSEC1, ZNF179 and ZMAT2 
significantly increased the expression of total tau. In addition, knock-down of IQSEC1 and 
ZNF179 also enhanced the levels of hyperphosphorylated PHF-tau protein (*p < 0.05; **p < 
0.01; ***p < 0.001; n = 3; Student’s t-test). Error bars represent SD values. 
54 Results 
 
In summary, the results from the different cell-based assays suggest that the 
proteins IQSEC1, ZNF179 and ZMAT2 might play an important role in the 
pathogenesis of several neurodegenerative diseases such as AD, HD and ALS. 
 
2.4 The identification of TDP-43 aggregation modifiers with 
siRNA experiments 
In the following chapter I present how protein-protein interaction data and data 
from a large-scale siRNA screen can be used in combination to predict protein 
aggregation modifiers. A FRET-based aggregation assay was developed for the 
initial siRNA screen to quantify TDP-43 aggregation. Moreover, I generated a 
more aggregation-prone C-terminal fragment of TDP-43 (TDP-43_CT). Finally, 
the predicted protein aggregation modifiers were analyzed by focussed knock-
down experiments in the human neuroblastoma cell line SH-EP. In the end I 
identified five proteins that regulate expression of TDP-43. 
 
2.4.1 Generating a C-terminal TDP-43 fragment (TDP-43_CT) and the 
development of a FRET-based TDP-43 aggregation assay 
Several studies have shown that TDP-43 is the major component of the 
predominantly cytoplasmic inclusions observed in ALS and FTLD patients with 
ubiquitin-positive inclusions (FTLD-U) [37, 38]. Moreover, there is evidence that 
TDP-43 is intrinsically aggregation-prone [219]. Normally, TDP-43 is mainly 
localized to the nucleus, but cytoplasmic aggregation in neurons leads to a 
substantial loss of nuclear TDP-43, suggesting that its redistribution to the 
cytoplasm is critical for disease pathogenesis [38]. In addition, pathologic TDP-
43 is characterized by ubiquitination, phosphorylation and proteolytic cleavage, 
which generates C-terminal fragments [38]. C-terminal fragments of 25 kDa and 
35 kDa are probably produced by caspase 3 cleavage [160]. Moreover, the 25 
kDa fragment is associated with an enhanced aggregation potential and toxicity 
in yeast and mammalian cells [269, 270]. Therefore, I generated a C-terminal 
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fragment of TDP-43 (amino acids 219-414; TDP-43_CT) resembling the 25 kDa 
C-terminal fragment for PCR amplification using full-length TDP-43 as template 
(see Materials and Methods). The domain structure of TDP-43 and the 
generated fragment TDP-43_CT used in the following experiments is shown in 
Figure 22. TDP-43_CT does not contain a nuclear localization signal (NLS) and 
is therefore retained in the cytoplasm. 
 
Figure 22: The domain structure of full-length TDP-43 and of the C-terminal fragment TDP-
43_CT. Full-length TDP-43 contains two RNA recognition motifs (RRM1 and RRM2), which are 
flanked by the N-terminal and C-terminal tail. The C-terminal tail contains a glycine-rich region 
known to mediate protein-protein interactions. The second RRM contains a nuclear export 
signal (NES), whereas the N-terminal region habors the nuclear localization signal (NLS). TDP-
43_CT includes most of the second RRM domain and the glycine-rich region of the C-terminus. 
Mammalian cell expression vectors were generated encoding full-length TDP-
43 and TDP-43_CT tagged with enhanced cyan fluorescent protein or enhanced 
yellow fluorescent protein (CFP-TDP-43, CFP-TDP-43_CT, YFP-TDP-43 and 
YFP-TDP-43_CT). As a first step I analyzed the production of the four proteins 
in HEK293 cells by SDS-PAGE and immunoblotting. Transient expression of the 
fusion proteins resulted in an increased level of full-length TDP-43 compared to 
the C-terminal fragment TDP-43_CT (Figure 23A). This could be probably due 
to the increased aggregation propensity and toxicity of the truncated TDP-
43_CT fragment. Thus, I investigated the aggregation propensity of TDP-43_CT 
and full-length TDP-43 in HEK293 cells by fluorescence microscopy. TDP-
43_CT formed large amounts of cytoplasmic aggregates of different sizes within 
24 h (Figure 23B), whereas full-length TDP-43 only showed very small numbers 




Figure 23: Expression of CFP-TDP-43, YFP-TDP-43, CFP-TDP-43_CT and YFP-TDP-43_CT in 
HEK293 cells. (A) 48 h after transfection cell extracts were prepared and 30 µg of total protein 
was separated by SDS-PAGE and analyzed by Western blotting. The proteins were detected 
using the anti-GFP antibody (1:1,000). (B) 24 h after transfection the expression and 
aggregation of YFP-TDP-43_CT was analyzed by fluorescence microscopy. YFP-TDP-43_CT 
formed cytoplasmic aggregates of different sizes (marked with arrows). 
Next, I established a high-throughput aggregation assay based on fluorescence 
resonance energy transfer (FRET) to identify modifiers of TDP-43 aggregation. 
The assay was initially developed to quantify polyglutamine protein aggregation 
[271] and was performed as described in section 4.2.3.6. In proof-of-principle 
experiments the aggregation of full-length TDP-43 and the generated C-terminal 
fragment was analyzed with the developed assay and compared to results 
obtained with cells transfected with empty YFP and CFP vectors. Briefly, 
HEK293 cells were co-transfected with the corresponding expression vectors 
encoding either CFP and YFP fusion proteins or only CFP and YFP. Due to the 
aggregation of the fusion proteins, the light emitted by CFP (donor; excitation at 
436 nm) is able to excite the YFP acceptor resulting in fluorescence at 530 nm 
[271]. YFP fluorescence (excitation 485 nm, emission 530 nm), CFP 
fluorescence (excitation 436 nm, emission 485 nm), as well as the FRET signal 
(excitation 436 nm, emission 530 nm) were measured in the Infinite M200 plate 
reader (Tecan) 72 h after transfection. I found that the NET-FRET signals were 
significantly increased for full-length TDP-43 (497.1%) and TDP-43_CT 
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(629.8%) compared to the vector control (Figure 24), indicating that both 
proteins form aggregates in mammalian cells. The higher signal for TDP-43_CT 
compared to the full-length protein suggests that indeed TDP-43_CT has a 
higher aggregation propensity than TDP-43. This is the reason why TDP-43_CT 
was chosen for the initial high-throughput screen to identify TDP-43 aggregation 
modifiers. 
 
Figure 24: Development of a FRET-based aggregation assay to quantify TDP-43 aggregation. 
NET-FRET signals for HEK293 cells co-transfected with vectors encoding YFP and CFP, YFP-
TDP-43 and CFP-TDP-43 as well as YFP-TDP-43_CT and CFP-TDP-43_CT. The NET-FRET 
signals for TDP-43 and TDP-43_CT were significantly higher than for the vector control, 
showing that the two proteins strongly aggregated in HEK293 cells (*p < 0.05; **p < 0.01; n = 3; 
Student’s t-test). Error bars represent means+SD. 
2.4.2 Identification of TDP-43 aggregation modifiers from a set of 
computationally predicted ND-related genes 
One of the main objectives in this study was to identify protein aggregation 
modifiers using the generated Y2H protein-protein interaction data. Therefore, I 
systematically analysed a set of 1,134 computationally predicted ND-related 
genes in knock-down experiments in HEK293 cells using the established FRET-
based TDP-43 aggregation assay. The FRET assays were performed with the 
C-terminal fragment of TDP-43 (TDP-43_CT) as described in the previous 
section. This fragment lacks the nuclear localization signal of full-length TDP-43 
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(Figure 22) and therefore rapidly forms small and large cytoplasmic aggregates 
in mammalian cells (Figure 23B). The siRNA screen was performed in 
collaboration with the Boutros laboratory at the DKFZ. The method is described 
in more detail in section 4.2.3.6. The targets selected for the RNAi screen were 
the 1,143 top scoring genes taken from the list of 3,711 predicted 
neurodegenerative disease (ND)-related genes (see section 2.1.1). The knock-
down gene set completely covered the genes selected for the Y2H screens. The 
screened genes contained 111 ND genes, 239 other disease genes and 48 
predicted risk factors or susceptibility genes for NDs (Figure 25A). Additionally, 
the screened siRNAs also covered 368 drug targets, 166 previously published 
modulators of protein aggregation or toxicity, as well as 103 aggregation-prone 
proteins. In the siRNA screen I identified 191 proteins which significantly 
affected TDP-43_CT aggregation. Among these proteins 43 enhanced whereas 
148 suppressed TDP-43_CT aggregation. 
 
Figure 25: Bioinformatics analysis of target genes selected for siRNA screens and the identified 
TDP-43 aggregation modifiers. (A) Number of target genes annotated as disease genes, risk 
factors, drug targets, modulators of ND protein aggregation or toxicity and genes encoding 
aggregation-prone proteins. (B) Percentage of identified enhancers and suppressors annotated 
as genes encoding proteins with intrinsically unstructured regions (IURs) and coiled-coil 
domains as well as the other annotations mentioned in (A). 
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Among the identified modifiers I found a high percentage of proteins with 
internally unstructured regions (IURs; >70%) as well as coiled-coil (CC) 
domains (>40%). When I compare enhancers (E) and supressors (S) of TDP-43 
aggregation, I observed fewer genes, which encode proteins with IURs (E: 
72.1% (31); S: 83.1% (123)) and with CC domains (E: 41.9% (18); S: 54.1% 
(80)) among the enhancers (Figure 25B). The set of genes with aggregation 
enhancing effect contained significantly more predicted risk factors (9.3% (4); p 
= 0.0267, Fisher’s exact test) in comparison to the aggregation suppressors 
(2.0% (3)). The opposite was observed for the known modulators of ND protein 
aggregation or toxicity (E: 7.0% (3); S: 21.6% (32); p = 0.0132, Fisher’s exact 
test). The relative numbers of known ND genes (E: 4.7% (2); S: 4.7% (7)), other 
disease genes (E: 27.9% (12); S: 23.0% (34)), drug targets (E: 37.2% (16); S: 
32.4% (48)), and aggregation-prone homologs in C. elegans (E: 14.0% (6); S: 
12.2% (18)) were almost comparable. 
2.4.3 Prediction of protein complexes that alter aggregation of full-length 
TDP-43 
In the previous chapter I described how I identified 191 proteins that 
significantly influence the aggregation of TDP-43_CT in HEK293 cells. Next, I 
combined the siRNA data with PPI data to predict highly connected protein 
complexes that are linked to TDP-43. In summary, this means that I created a 
PPI network, which consists of Y2H interactions enriched for TDP-43 interaction 
partners as well as the 191 TDP-43 aggregation modifiers, which were identified 
in siRNA screens, and their interaction partners. The resulting network 
consisted of 7,951 PPIs connecting 4,315 proteins. Next, I predicted 37 protein 
complexes, defined as highly connected clusters of proteins, with the program 
Cfinder [272]. Finally, I selected 7 protein complexes, which in total contain 33 
proteins, for follow-up siRNA experiments in the human neuroblastoma cell line 
SH-EP (Figure 26). The selection of complexes was based on two criteria: a) at 
least one of the interactions in a complex must have been found by Y2H 
screening and b) the TDP-43 protein must be part of the complex or directly 
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connected to a predicted protein complex member (Figure 26). I functionally 
annotated each complex according to the known functions of the complex 
members (Figure 26). For the annotation of proteins in the complexes available 
Gene Ontology or literature information was utilized. Three complexes (1, 3 and 
7) are likely involved in transcription, four complexes (2, 4, 5 and 7) in protein 
degradation, and two complexes have a function in RNA processing (3 and 6). 
In addition, protein complexes involved in apoptosis (4 and 7), and signal 
transduction (5 and 6) have been predicted. Proteins in complex 2 are also very 
likely involved in regulation of the cell cycle and proteins in complex 4 
potentially function in transport processes. 
 
Figure 26: Predicted protein complexes selected for validation experiments by combination of 
data from siRNA screens and PPI studies. Members of each complex are encircled and each 
complex is functionally annotated according to GO and literature information. Y2H interactions 
identified in this study are marked with solid lines, whereas literature-based interactions are 
depicted by dotted lines. The proteins which were identified as aggregation modifiers of TDP-
43_CT in the initial siRNA screen are depicted as yellow nodes. 
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2.4.4 The discovery of protein complexes that affect TDP-43 aggregation 
in cell-based assays 
A large fraction of the proteins in the computationally predicted protein 
complexes (17 of the 33 complex members) are modifiers of TDP-43 
aggregation that were identified in the previous siRNA screens in HEK293 cells 
(Figure 26). Next, I investigated whether the 33 computationally predicted 
complex members influence aggregation of full-length TDP-43 in the SH-EP 
neuroblastoma cell line. SH-EP cells were co-transfected with 150 ng YFP-TDP-
43 and a selected siRNA pool (100 nM total). The over-production of YFP-TDP-
43 was analyzed by SDS-PAGE and immunoblotting using an anti-TDP-43 
antibody (Figure 27A). Additionally, Figure 27B shows that YFP-TDP-43 protein 
forms cytoplasmic aggregates in SH-EP cells after 48 h, which is a prerequisite 
for the identification of modifier proteins.  
 
Figure 27: Overproduction of YFP-TDP-43 in the neuroblastoma cell line SH-EP. (A) Analysis of 
SH-EP cell extracts by SDS-PAGE and Western blotting. The used anti-TDP-43 antibody 
(1:1,000) recognized YFP-TDP-43 (~78 kDa) as well as endogenous TDP-43 (~48 kDa). (B) 
YFP-TDP-43 formed cytoplasmic aggregates (green dots marked with arrows) in SH-EP cells. 




The effects of siRNA-based knock-downs on TDP-43 aggregation were 
assessed after 72 h by high content fluorescence imaging using a CellomicsTM 
microscope. Modifiers were accepted as hits, if their knock-down significantly 
altered TDP-43 aggregation in three independent experiments (each performed 
in triplicates). The significance was assessed with Student’s t-tests in 
comparison to non-targeting control siRNA. The results for each complex 
member are shown in Figure 28. Using this approach, I identified 10 genes 
whose knock-down significantly enhanced TDP-43 aggregation, whereas 
knock-down of 12 genes showed the opposite effect. On the level of the 
predicted complexes I found that all members of complex 1 and 2 significantly 
altered TDP-43 aggregation in this cell model. Interestingly, the knock-down of 
the direct interaction partners of TDP-43 in these two complexes (c-MYC, 
CDC23 and CDC16) increased protein aggregation, whereas knock-down of the 
indirect interaction partners (BRG1, HDAC1, pRB and HP1) reduced TDP-43 
aggregation. For the other five complexes only some of the predicted members 
significantly influenced aggregation of TDP-43. Interestingly, 11 of the 17 
aggregation modifiers (64.7%) identified in the initial large-scale screen in 
HEK293 cells could also be identified as TDP-43 aggregation modifiers in SH-
EP cells. Moreover, I found that 22 of 33 (66.7%) predicted complex members 
influence TDP-43 aggregation in SH-EP cells. In the initial large-scale screen 
only 16.8% (191 modifiers of 1,134) of the tested genes significantly altered 
TDP-43 aggregation in HEK293 cells. This indicates that the combination of 
siRNA and PPI data as well as the prediction of complexes from PPI networks is 





Figure 28: Effects of potential modifier proteins on YFP-TDP-43 aggregation monitored by high 
content fluorescence imaging. 33 potential modifiers that form seven protein complexes were 
tested by siRNA experiments in SH-EP cells. The results for 22 hits are shown. They were 
identified in three independent experiments are summarized here and are sorted according to 
their complex membership. The knock-down of 10 proteins significantly increased aggregation 
in comparison to non-targeting control siRNA, whereas 12 proteins significantly reduced 
aggregation of TDP-43 upon siRNA knock-down (*p < 0.05; **p < 0.01; ***p < 0.001; n = 9; 
Student’s t-tests). Error bars represent means+SD. 
Next, I randomly selected nine TDP-43 aggregation modifier genes and 
quantified their expression after siRNA treatment for 72 h by qRT-PCR (Figure 
29). The generated results were first normalized to the mRNA levels of the 
endogenous control ACTB (-actin) and then compared to results of cells 
treated with non-targeting control siRNA. The knock-down efficiency was found 




Figure 29: Quantification of relative mRNA levels after siRNA knock-down of selected target 
genes in SH-EP cells. The mRNA levels were quantified by qRT-PCR, normalized to the mRNA 
levels of ACTB and compared to results obtained with non-targeting control siRNA. A knock-
down efficiency between 40% and 95% was observed for selected target genes. 
2.4.5 Knock-down of complex 1 members alters TDP-43-induced 
cytotoxicity and TDP-43 mRNA expression 
Complex 1, which consists of the proteins c-MYC, BRG1, HDAC1, pRB and 
HP1 (Figure 26), was selected for further, more detailed experiments. All 
proteins in this complex are known to function in transcriptional regulation [273-
280], suggesting that they might also influence the expression of TDP-43 in SH-
EP cells.  
First I analyzed whether knock-down of the complex 1 members influences 
TDP-43-induced cytotoxicity in SH-EP cells. Toxicity was measured 72 h after 
siRNA treatment using a caspase 3/7 activity assay. The treatment of SH-EP 
cells with siRNA pools targeting MYC, RB, HDAC1 and HP1 significantly 
decreased TDP-43-induced toxicity in SH-EP cells (siMYC: -17.4%; siRB:  
-28.2%; siHDAC1: -23.5%; siHP1: -11.4%). In contrast, knock-down of BRG1 
did not significantly alter TDP-43-induced cytotoxicity.  
Next, the four identified TDP-43 toxicity modifiers were also tested for their 
effect on cytotoxicity in the absence of the disease protein. I found that the 
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knock-down of MYC significantly reduced the cytotoxicity in SH-EP cells in the 
absence of TDP-43, indicating that this effect is not dependent on the 
expression of the disease protein. However, a TDP-43 dependent toxicity effect 
was observed for the proteins pRB, HDAC1 or HP1, indicating that they are 
specific modifiers of TDP-43-induced cytotoxicity. 
 
Figure 30: Knock-down of complex 1 members significantly influences the toxicity of 
aggregation-prone TDP-43 in SH-EP cells. The knock-down of the genes RB, HDAC1 and HP1 
specifically reduced TDP-43-induced toxicity. In contrast, knock-down of MYC shows an 
unspecific toxicity effect. Cytotoxicity was monitored with caspase 3/7 activity assays. The 
significance was assessed by Student’s t-tests and comparison to non-targeting control siRNA 
(siNTC; *p < 0.05; **p < 0.01; ***p < 0.001; n = 9). Error bars represent means+SD. 
As I described above all five proteins in complex 1 are known to be involved in 
transcriptional regulation. The proto-oncogene c-MYC can either activate or 
repress gene transcription. It is thought to regulate transcription by recruiting 
several co-factors to target genes that possess the capability to alter the 
chromatin structure by acetylating core histones as well as transcriptional 
regulators [281, 282]. MYC also activates all three RNA polymerases [283]. 
BRG1, pRB, HDAC1 and HP1 mediate transcriptional regulation directly, mainly 
by chromatin remodelling [274, 276, 277, 279, 280]. BRG1, pRB and HDAC1 for 
example form a protein complex that regulates CREST-mediated transcription 
primary cortical neurons [278]. This suggested that the proteins might influence 
the expression of TDP-43 and thereby modify its aggregation and toxicity. 
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Therefore, I quantified the amount of TDP-43 mRNA in SH-EP cells upon knock-
down of the five complex members by qRT-PCR (Figure 31). The treatment of 
SH-EP cells with a MYC-specific siRNA pool dramatically increased TDP-43 
mRNA levels (~5 times), suggesting that increased TDP-43 aggregation in SH-
EP cells is caused by increased production of the disease protein. In contrast, 
the knock-down of BRG1, RB, HDAC1 and HP1 caused a dramatic decrease of 
TDP-43 mRNA levels (e.g. more than 90% in case of BRG1, RB and HDAC1), 
indicating that these proteins function as enhancers of TDP-43 mRNA 
expression. Thus, these results suggest that siRNA-mediated knock-down of 
pRB, HDAC1 and HP1 expression most likely reduces TDP-43 aggregation and 
toxicity in SH-EP cells because expression of TDP-43 is diminished. 
 
Figure 31: Knock-down of complex 1 members MYC, BRG1, RB, HDAC1 and HP1 changes 
TDP-43 mRNA expression in SH-EP cells. TDP-43 mRNA levels were quantified by RT-PCR, 
normalized to mRNA levels of ACTB and compared to results from cells treated with non-
targeting control siRNA. The knock-down of MYC significantly increased the expression of TDP-
43, whereas BRG1, RB, HDAC1 and HP1 siRNA treatments significantly reduced TDP-43 
expression (***p < 0.001; n = 3; Student’s t-tests). Error bars represent means+SD. 
Finally, I investigated the knock-down of the target proteins HP1, c-MYC, BRG1 
and HDAC1 by SDS-PAGE and immunoblotting (Figure 32). I found that the 
levels of the target proteins are indeed reduced in cells that are treated with 




Figure 32: Analysis of target protein expression by SDS-PAGE and immunoblotting. Protein 
levels were reduced by treatment with HP1, MYC, BRG1 and HDAC1 siRNAs. 30 µg of total 
protein prepared from SH-EP cells was analyzed by SDS-PAGE and Western blotting. The 
endogenous proteins were detected using anti-HP1, anti-MYC, anti-BRG1 and anti-HDAC1 
antibodies. Actin was used as a loading control. 
2.4.6 TDP-43 aggregation and toxicity is specifically influenced by 
HDAC1 but not by HDAC2 or HDAC6 
Finally, I tested whether the effect of HDAC1 on TDP-43 aggregation and 
toxicity is specific or if related histone deacetylases also influence misfolding 
and toxicity of the disease protein. I selected HDAC2, a type I histone 
deacetylase like HDAC1 with similar functions [284], and HDAC6, a type IIB 
histone deacetylase, which is associated with aggresomes formation and 
influences the degradation of misfolded proteins for these experiments [285-
287]. Silencing of the genes in TDP-43 expressing SH-EP cells revealed that 
knock-down of HDAC2 and HDAC6 significantly increased aggregation of TDP-
43, while knock-down of HDAC1 showed the opposite effect (Figure 33). These 





Figure 33: Silencing of HDAC1 specifically decreased the aggregation and toxicity of TDP-43. 
SHEP cells were co-transfected with YFP-TDP-43 and siRNA pools targeting the selected 
HDACs or the non-targeting control. Aggregation was analyzed by high content fluorescence 
imaging and toxicity was assessed by caspase 3/7 activity assays. The significance was 
determent by comparison to non-targeting control siRNA samples (*p < 0.05; **p < 0.01; ***p < 
0.001; n = 9; Student’s t-tests). The error bars represent means+SD. 
Finally, the knock-down of HDAC2 and HDAC6 in SH-EP cells was assessed by 
SDS-PAGE and Western blotting (Figure 34). I found that the HDAC2 and 
HDAC6 protein production levels were reduced upon treatment with specific 
siRNAs for 72 h, indicating that the effects obtained with HDAC2 and HDAC6 
siRNAs was based on reduced production of the two proteins. 
 
Figure 34: siRNA-mediated gene silencing of reduced the protein expression of HDAC2 and 
HDAC6 in SH-EP cells. The same amounts of total protein (30 µg) prepared from SH-EP cells 
were analyzed by SDS-PAGE and Western blotting. Endogenous proteins were detected using 




3.1 Systematic interaction mapping for neurodegenerative 
disease proteins 
Neurodegenerative diseases (NDs) are characterized by a progressive loss of 
neurons in motor, sensory, or cognitive systems [1]. The diseases share 
symptoms including memory-loss, lack of mobility and are finally fatal [1]. The 
pathogenesis of NDs, such as Huntington’s disease (HD), Alzheimer’s disease 
(AD), and Parkinson’s disease (PD), has been linked to inappropriate 
processing and elimination of misfolded proteins [1]. The accumulation of 
misfolded proteins results in the formation of toxic protein aggregates [1, 288, 
289], which are a characteristic feature of all NDs. These diseases are 
increasingly found to share other common molecular characteristics. For 
instance, mechanisms that would normally process and remove misfolded 
proteins, including the ubiquitin-proteasome system (UPS) [290, 291], 
autophagy [292] and chaperone-mediated protein refolding [293, 294], are 
impaired. In addition, it has been shown that toxicity in cell and animal models 
of NDs can be decreased using the similar strategies. For example, over-
expression of heat-shock proteins has been shown to decrease toxicity induced 
by mutant huntingtin (HD), amyloid- (AD) and mutant -synuclein (PD) [68-70]. 
Furthermore, caspase inhibitors decrease both mutant huntingtin and mutant 
SOD1 (ALS) toxicity [295, 296].  
These findings suggest that common therapeutic targets can be identified for 
some or even all NDs. Therefore, a comprehensive approach to understand 
these diseases in relation to each other may uncover new information that 
single-disease studies cannot provide. One powerful approach for inferring 
common disease mechanisms is to systematically identify protein-protein 
interactions (PPIs). To this day experimental based interaction studies for 
neurodegenerative disease proteins (NDPs) focused either on single proteins or 
specific diseases. Single protein interaction studies provided evidence that for 
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example TDP-43 is involved in microRNA processing and DNA repair processes 
[170, 171], while the disease protein huntingtin is associated with components 
of the vesicle secretion apparatus [169]. Moreover, such interaction studies also 
identified several new modifiers of mutant huntingtin-induced cytotoxicity [168, 
169]. Disease-centered studies discovered common processes and pathways 
as well as new candidate genes for inherited ataxias [182]. Similarly, a 
comprehensive PPI study for multiple NDPs covering several 
neurodegenerative diseases might identify common disease processes. 
Here, I created a comprehensive PPI network, which interconnects several 
known NDPs, using the yeast-two hybrid method. In total 449 wild-type and 22 
mutant proteins predicted to cause NDs or to be related to NDs were 
systematically screened for interactions against a library of 15,863 human 
proteins. 57 of the 449 screened proteins are known NDPs, including for 
example huntingtin, -synuclein and the amyloid precursor protein (APP). The 
yeast-two hybrid screen produced a network of 18,663 interactions connecting 
3,728 proteins. This is the first PPI network of this scale that links multiple 
known NDPs and thereby connects several neurodegenerative diseases. 
 
3.2 Wild-type and mutant neurodegenerative disease proteins 
have distinct interaction partners 
The yeast-two hybrid screen performed in this study identified 2,310 protein-
protein interactions for 22 mutant NDPs (see section 2.1.3 for a detailed 
description of the selected mutants). Detailed analyses on the functional level 
revealed significant differences between the interaction partners of mutant and 
wild-type NDPs. I for example found that among the interacting proteins of 
mutant NDPs are significantly more proteins that are involved in transcriptional 
regulation than among the interaction partners of wild-type NDPs (see section 
2.2.2). This result clearly supports previous findings of other groups, indicating 
that transcriptional dysregulation contributes to the pathogenesis in NDs. 
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Transcriptional dysregulation mediated by mutant ataxin-1 for example is an 
important feature of SCA1 pathogenesis. Perturbed interactions between 
expanded ataxin-1 and transcription factors such as LANP, PQBP1, Gfi-1, 
SMRT, Boat and Sp1 are believed to exert the deleterious effects of expanded 
ataxin-1 [297-302]. Similarly, aberrant PPIs of huntingtin mediate neurotoxicity 
in HD. Polyglutamine expansion alters the interactions of huntingtin with 
HAP1/p150Glued complexes as well as numerous transcription factors (e.g. Sp1, 
CBP and TBP), leading to their functional impairment [172-179]. 
Interestingly, the functional analysis of the interaction partners of wild-type TDP-
43, TDP-43_Q331K and TDP-43_M337V delivered no evidence that 
transcription regulation is altered in ALS. However, I found that more interaction 
partners of wild-type TDP-43 play a functional role in protein degradation than 
the interaction partners of the two mutant proteins TDP-43_Q331K and TDP-
43_M337V. This result suggests that ALS-causing mutations in TDP-43 might 
disrupt or inhibit their degradation upon misfolding, which might result in an 
increased protein aggregation. This hypothesis is supported by publications 
showing that disease-causing mutations in TDP-43 increase the propensity of 
TDP-43 to spontaneously assemble into insoluble protein aggregates [171, 219, 
303, 304]. Moreover, over-expression of mutant TDP-43 in mice, rats or C. 
elegans causes progressive locomotor defects and paralysis reminiscent of ALS 
[155, 305-307]. In theses models aggregates of ubiquitinated TDP-43 
accumulate in motor neurons, suggesting that dysfunction of intracellular protein 
degradation systems could be important for disease pathogenesis [155, 305-
307]. Additionally, recent studies show that the inhibition of either the ubiquitin-
proteasome system or autophagy increases TDP-43 aggregation [308, 309]. 
Consistantly, induction or enhancement of autophagy by rapamycin or trehalose 
treatment is associated with reduced TDP-43 accumulation [310, 311]. 
I found that SMURF1, an E3 ubiquitin ligase, is one of the proteins, which 
specifically interacted with wild-type but not with mutant TDP-43. Interestingly, a 
recent study showed that another SMURF protein - SMURF2 - co-aggregates 
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with TDP-43 as well as the adaptor protein p62 and the autophagy marker LC3 
[309, 312, 313]. This suggests that SMURF1 might also be located in TDP-43 
aggregates and is involved in the UPS-mediated degradation of wild-type TDP-
43 (Figure 35A).  
Another very interesting protein, which specifically interacted with wild-type 
TDP-43 in the Y2H screen, is HDAC6. This protein was previously shown to 
regulate aggresome formation in response to misfolded protein stress [314]. It 
has been proposed that aggresome formation is a specific and active cellular 
response to cope with excessive levels of misfolded and aggregated proteins 
[315]. In support of this hypothesis, components of proteasomes and molecular 
chaperones were found to be actively recruited to aggresomes [315, 316]. 
Aggresomes and Lewy bodies, which are found in neurons affected by 
Parkinson’s disease, share similar biochemical and morphological 
characteristics [317]. Therefore, aggresomes might be also important in the 
pathogenesis of other neurodegenerative diseases. Disruption of dynein motor 
function prevented aggresome formation, which indicated that dynein collects 
and transports aggregated proteins from the cytoplasm to the aggresome for 
degradation [318, 319]. HDAC6 was shown to bind polyubiquitinated misfolded 
proteins and dynein motors [314]. Thus, HDAC6 most likely recruits misfolded 
proteins to dynein motors for transport to aggresomes [314]. It was also shown 
that HDAC6 expression is regulated by TDP-43. Knock-down of TDP-43 
significantly reduced HDAC6 mRNA as well as protein levels and resulted in 
increased cell death in mutant ataxin-3 over-producing cells [285, 320, 321]. 
Moreover, TDP-43 specifically binds to HDAC6 mRNA [285, 320, 321]. In this 
study I identified a protein-protein interaction between TDP-43 and HDAC6, 
which suggests that there are further mechanisms on the protein level involved, 
which will have to be explored in more detail in the future (Figure 35B). The 
interaction of TDP-43 and HDAC6 could for example depend on 




Another protein that was found to specifically interact with wild-type TDP-43 in 
Y2H assays was AMSH, a deubiquitination enzyme that participates in 
endosomal sorting (Figure 35C) [322]. AMSH impairment results in missorted 
ubiquitinated cargoes in vitro and in severe neurodegeneration in vivo [323]. 
Moreover, according to a recent study AMSH plays an important role in the 
degradation of ubiquitinated proteins in the central nervous system and AMSH 
deficiency leads to TDP-43 accumulation in glial cells [324]. All these results 
indicate that SMURF1, AMSH and HDAC6 are involved in the degradation of 
TDP-43. As these proteins do not interact with the two mutant TDP-43 variants 
(TDP-43_Q331K and TDP-43_M337V), it can be concluded that the ALS-
causing mutations disturb these interactions and probably also the degradation 
of the mutant proteins. Future experiments will have to be conducted to show 
whether for example SMURF1 indeed ubiquitinates TDP-43 and whether there 
are differences in ubiquitination when comparing wild-type and mutant TDP-43. 
In addition to wild-type specific interaction partners I also identified proteins that 
specifically interacted with a mutant form of TDP-43. One of them is the arginine 
methyltransferase PRMT1, which specifically interacted with TDP-43_Q331K. 
Previous studies provided evidence that PRMT1 plays a role in pathogenic 
mechanisms relevant for amyotrophic lateral sclerosis (ALS). PRMT1 regulates 
the nuclear-cytoplasmic shuttling of FUS, another ALS disease protein, by 
protein arginine methylation [325]. Depletion of PRMT1 reduces the ability of 
FUS mutants to localize to the cytoplasm and form insoluble aggregates [325]. 
Similarly, PRMT1 might also influence the transport of TDP-43 to the cytoplasm. 
In contrast to FUS, TDP-43 does not contain a GAR motif and therefore might 
only be methylated at a few single arginine residues by PRMT1. Protein 
arginine methylation does not only influence nuclear-cytoplasmic shuttling, it 
also dramatically affects transcription and RNA processing [326]. Thus, TDP-43 
and PRMT1 might act in concert to regulate the transcription or RNA processing 
of common targets in neuronal cells (Figure 35D). These results require further 
experiments to validate the specificity of the interaction. Moreover, it needs to 
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be studied whether PRMT1 binding to TDP-43 causes arginine methylation and 
influences the toxicity of the disease protein in mammalian cells. 
 
Figure 35: Possible consequences of wild-type- or mutant-specific TDP-43 protein-protein 
interactions (PPIs). (A) The interaction of wild-type TDP-43 with SMURF1 might result in the 
ubiquitination of TDP-43, which would mark the protein for degradation by the proteasome. (B) If 
the PPI between HDAC6 and wild-type TDP-43 is polyubiquitination dependent, TDP-43 can be 
transported to aggresomes by dynein and subsequently degraded by autophagy. It is also 
possible that the interaction of HDAC6 with TDP-43 is independent on TDP-43 ubiquitination. 
(C) The deubiquitinating enzyme AMSH might deubiquitinate wild-type TDP-43, which would 
result in its degradation by an unknown mechanism. (D) The mutant protein TDP-43_Q331K 
interacted with the protein arginine methyltransferase PRMT1, which might result in the 
methylation of arginine residues of TDP-43. Methylation of TDP-43 might influence its nuclear-
cytoplasmic shuttling ability or its function as transcriptional regulator. 
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3.3 IQSEC1, ZNF179 and ZMAT2 influence the pathogenic 
mechanisms of several neurodegenerative diseases 
I identified APP, IQSEC1, ZNF179 and ZMAT2 as common interactors of 
different neurodegenerative disease proteins (NDPs), whose mutations cause 
Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), Parkinson’s 
disease (PD), Huntington’s disease (HD) and spinocerebellar ataxia type 1 
(SCA1). The results described in section 2.3 of this thesis provide evidence that 
IQSEC1, ZNF179 and ZMAT2 play an important role in multiple NDs. Depletion 
of these three proteins in human neuroblastoma cells for example increased 
abnormal protein aggregation of the disease proteins huntingtin, mutant ataxin-
1 and TDP-43 (see section 2.3.2). Moreover, the knock-down of IQSEC1, 
ZNF179 and ZMAT2 also in cell models dramatically influenced A peptide 
production, a key event in AD pathogenesis [20, 131, 266]. Finally, I found that 
silencing of these three disease-connecting proteins significantly increased the 
total levels of tau protein as well of hyper-phosphorylated tau in cell assays. 
Hyper-phosphorylated tau is the major component of neurofibrillary tangles, 
which are intraneuronal aggregates commonly found in AD patient brains [267]. 
It could be shown in this study that the three disease-connecting proteins are 
mainly down-regulated in HD, PD and AD patient brains (see section 2.2.3). 
This finding in combination with my other observations implies that IQSEC1, 
ZNF179 and ZMAT2 are critical for maintaining neuronal function. Thus, 
neurodegeneration could be promoted by a progressive depletion of these four 




Figure 36: Depletion of IQSEC, ZNF179 and ZMAT2 results in increased pathogenic 
neurodegenerative disease mechanisms. Exacerbated pathogenic mechanisms such as 
increased protein aggregation of NDPs result in increased neuronal cytotoxicity. ND patient 
brains are characterized by widespread cell death as well as mRNA down-regulation of the 
three proteins. Therefore, neurodegeneration might be the reason or the observed reduction in 
mRNA levels of the three disease-connecting proteins, which then would further increase 
pathogenic disease mechanisms, and causes progressing neuronal cytotoxicity.  
To this day none of the three proteins had been implied to play a role in 
neurodegenerative diseases. In fact, ZNF179 and ZMAT have never been 
associated with neurodegenerative diseases. Moreover, there is not much 
known about these two proteins in general. ZNF179 is a RING finger protein, 
which is highly expressed in brain tissue and is possibly involved in 
transcriptional regulation during nervous system development [249, 250]. Many 
proteins with a RING finger domain play critical roles in the ubiquitin-
proteasome system (UPS) [327-329], indicating that ZNF179 might also be a 
member of the UPS. The function of ZMAT2 is not well described, but its zinc 
finger domain of matrin type suggests that it is probably involved in RNA 
splicing [251, 252]. Indeed knock-down of ZMAT2 resulted in significantly up-
regulated mRNA expression levels of huntingtin, ataxin-1, TDP-43, APP, -
synuclein and parkin. Further experiments will be necessary to clarify functional 
roles of ZNF179 and ZMAT2 in mammalian cells. 
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IQSEC1, also known as ARF-GEP100, is a guanine nucleotide exchange factor 
that promotes binding of GTP to the ADP ribosylation factor protein ARF6 (a 
small G protein) [247]. IQSEC1 is involved in controlling endocytosis of plasma 
membrane proteins, E-cadherin recycling and actin cytoskeleton remodelling via 
activation of the ARF6 protein [248]. ARF6 was also shown to control APP 
processing by influencing the endosomal sorting of the -secretase BACE1 
protein (Figure 37) [330]. ARF6-Q67L, which lacks GTP hydrolysis activity, 
blocked the delivery of BACE1 to early endosomes, indicating that GTP 
hydrolysis of ARF6 is required for endosomal sorting of BACE1 [330]. ARF6-
Q67L co-expression with mutant APP resulted in a marked decrease of A 
peptides [330]. Thus, IQSEC1 is essential for the activation of ARF6 and knock-
down of this protein should coincide with a decreased activity of ARF6, which in 
turn might explain the reduced amount of A peptides observed after IQSEC1 
silencing. The increase in aggregation of huntingtin, ataxin-1 and TDP-43 as 
well as the marked rise in tau protein expression upon IQSEC1 knock-down 
could also be explained by another regulatory mechanism involving ARF6 – 
autophagosome formation (Figure 37) [331]. It is known that the over-
expression of the ARF6_Q67L mutant blocks the formation of early autophagic 
structures [331]. The knock-down of IQSEC1 might have similar effects in 
mammalian cells which could result in the accumulation of misfolded proteins, 
because protein degradation by autophagy might be disturbed due to reduced 
activation of ARF6. In order to obtain support for this hypothesis, 
autophagosome formation upon IQSEC1 depletion needs to be analyzed with 




Figure 37: IQSEC1 regulates ARF6 activation and thereby likely regulates BACE1 endosomal 
sorting and autophagosome formation. Depletion of IQSEC1 could alter BACE1 endosomal 
sorting resulting in decreased APP cleavage and A production. The knock-down of IQSEC1 
might also decrease autophagosome formation, which could result in the accumulation of 
misfolded proteins. Both observations were made with the inactive GTP hydrolysis mutant 
ARF6_Q67L indicating that active ARF6 is critical in both processes [330, 331]. 
 
3.4 Identification of a protein complex that modulates TDP-43 
aggregation 
One of the aims of this thesis was the identification of protein aggregation 
modifiers using the available Y2H protein-protein interaction data. During the 
last decade a large number of proteins., that modify aggregation or cytotoxicity 
of NDPs such as huntingtin, ataxin-1 and SOD1 were discovered by genome-
wide screens in model organisms like yeast, worm or fly [169, 332-337]. The 
results obtained in model organisms do not always reflect the situation in 
mammalian cells. A recent study for example reported that knock-down of 
human genes led to the opposite effect on huntingtin aggregation than the 
knock-down of their C. elegans homologs [338]. Therefore, I performed all 
siRNA screens in human cells. For the initial large-scale screen I used HEK293 
cells, which are well suited for high-throughput experiments because of their 
easy handling. The second, more focused screen, which was performed in 
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order to identify protein complexes that modulate TDP-43 aggregation was 
conducted in the neuroblastoma cell line SH-EP to have a more appropriate 
neuronal cell model. 
In this thesis I focused on the analysis of TDP-43 aggregation modifiers. TDP-
43 is the main component of aggregates found in ALS and FTLD-U patients 
[37]. Moreover, patients with AD, Lewy body dementia, HD and SCA were also 
shown to exhibit TDP-43 inclusions [37, 39, 41, 42]. To this date only in one 
study modifiers of TDP-43-induced cytotoxicity have been reported [339]. It was 
shown that over-production of the yeast ataxin-2 homolog Pbp1 enhanced TDP-
43 toxicity. Moreover, ataxin-2 with intermediate length polyglutamine 
expansions was found to increase the risk to develop ALS [339]. These results 
indicate that the identification of further TDP-43 aggregation or toxicity modifiers 
is a feasible strategy to increase our understanding of the pathomechanism in 
ALS. Here, I identified 22 proteins that significantly altered TDP-43 aggregation 
in cell-based assays (10 enhancers and 12 suppressors; see section 2.4.4). 
These proteins are members of seven predicted protein complexes (see section 
2.4.3). In this study a protein complex was defined as a set of highly connected 
proteins within a protein-protein interaction (PPI) network. The employed PPI 
network for in situ complex prediction consisted of Y2H-based and previously 
published interactions for TDP-43 and the 191 TDP-43 aggregation modifiers, 
which were identified with an in the initial FRET-based siRNA screen in HEK293 
cells (see section 2.4.2).  
Most of the 22 identified TDP-43 aggregation modifiers according to available 
Gene Ontology data are either involved in transcriptional regulation (c-MYC, 
HP1, BRG1, HDAC1, pRB, ATN1 and IRE1) or protein degradation (KLHL20, 
ATG10, CDC16, CDC23, ARA54, UBE2A and S27A). The other proteins play a 
role in signal transduction (ASB13, SOCS4 and GNB2), RNA splicing (SF3B3 
and PRPF8), protein transport (HIP1) or co-enzyme synthesis in mitochondria 
(WBSCR27 and PANK2). All proteins in complex 1 (c-MYC, HP1, BRG1, 
HDAC1 and pRB) are involved in transcriptional regulation [274, 276, 277, 279-
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282] and knock-down of each complex member significantly altered TDP-43 
aggregation. Depletion of c-MYC enhanced aggregation, whereas knock-down 
of HP1, BRG1, HDAC1 and pRB reduced TDP-43 aggregation. Additionally, 
silencing of pRB, HDAC1 and HP1 significantly decreased TDP-43-induced 
cytotoxicity. Due their known role as transcriptional regulators I hypothesized 
that the five proteins in complex 1 might also modify TDP-43 expression. Indeed 
I found that knock-down of c-MYC significantly increased mRNA levels of 
endogenous TDP-43, while silencing of HP1, HDAC1, BRG1 and pRB reduced 
TDP-43 mRNA expression. This is the first time that a functionally connected 
group of regulators of TDP-43 expression were identified. 
Disruption of protein homeostasis (proteostasis) is thought to play a key role in 
pathogenic mechanisms of neurodegenerative diseases [64]. Proteostasis is the 
ability of a cell to maintain appropriate protein concentration levels, protein 
folding, protein interactions and protein localization [65]. Mechanisms 
contributing to maintain proteostasis have been observed at all levels of the 
protein production cycle: from gene transcription regulation to protein folding 
and transport of the folded protein molecules to their appropriate cellular 
localization [65]. A very important regulatory step of protein production exists at 
the RNA processing stage. RNA-binding proteins (RBPs) like TDP-43 regulate 
all aspects of this pathway by influencing different steps in the mRNA life-cycle: 
capping and polyadenylation, splicing, editing, stability, export, transport and 
localization [340]. Because of their importance, the expression of RBPs is tightly 
regulated by the ceullular regulatory machinery. In case of TDP-43 depletion 
and enhancement of protein levels is toxic for cells and results in phenotypes 
reminiscent of ALS or FTLD [155, 341-345]. Recently, it has been reported that 
TDP-43 can regulate its own protein levels by binding to its mRNA in the 3’-UTR 
region (Figure 38) [164]. It was shown that the TDP-43 autoregulatory 
mechanism is based on a negative feedback loop [164]. When TDP-43 nuclear 
levels rise, increased binding of the protein to the 3’-UTR promotes mRNA 
instability and this is related to exosome-mediated degradation of TDP-43 
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mRNA [164]. When TDP-43 levels drop below the natural threshold, increased 
mRNA stability and lower exosome degradation cause TDP-43 levels to rise 
again [164]. 
 
Figure 38: TDP-43 auto-regulates its own mRNA levels through a negative feedback loop. The 
auto-regulatory mechanism is caused by binding of TDP-43 to the 3’-UTR of its own mRNAs, 
which promotes RNA instability and exosome-mediated mRNA degradation. 
TDP-43 aggregation occurs in the cytoplasm and is often accompanied by 
nuclear clearance of the protein [37, 38]. I obtained similar results, when YFP-
TDP-43 was over-produced in SH-EP cells (Figure 27). Depletion of TDP-43 
from the nucleus as a result of its aggregation in the cytoplasm might cause a 
disturbance of the TDP-43 auto-regulation mechanism. Uncontrolled TDP-43 
expression levels could yield even more TDP-43 aggregates by an increased 
production of mRNA and subsequently of more protein. These aggregates 
would then serve as a seed by recruiting more TDP-43 protein to inclusion 
bodies [19], causing both a loss- and gain-of-function phenotype [346]. 
Increased sequestration of TDP-43 into aggregates in the cytoplasm would thus 
lead to a major increase in TDP-43 production by an attempt of the cell to 
overcome eventual loss-of-function effects in the nucleus [347]. With regard to 
the disturbed auto-regulation of TDP-43, two studies have found increased 
mRNA levels in the brain of FTLD patients [348, 349] and TDP-43 protein 
expression was increased by a nucleotide substitution in the 3’-UTR region of 
TDP-43 identified in FTLD patients [350].  
My studies in cell model systems indicate that silencing of BRG1, pRB, HDAC1 
or HP1 dramatically decreases TDP-43 expression levels (Figure 39A). This 
could be based on direct regulation of TARDBP gene transcription or on altered 
expression of proteins that play a role in the auto-regulatory mechanism of 
TDP-43 expression such as exosome components (Figure 39A). All four 
proteins are mainly involved in transcriptional repression [276, 351-354]. This 
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suggests that down-regulation of the four proteins should result in increased 
TDP-43 expression, if they would directly influence its gene expression. As the 
mRNA levels of TDP-43 were decreased after knock-down of BRG1, pRB, 
HDAC1 and HP1, it suggests that they probably do not directly influence TDP-
43 expression. Therefore silencing of BRG1, pRB, HDAC1 and HP1 might 
restores or strengthens the auto-regulatory mechanism of TDP-43 expression, 
resulting in the observed decrease in TDP-43 mRNA expression. If the auto-
regulatory mechanism of TDP-43 expression is restored, increased protein 
levels of TDP-43 (e.g. because of over-production of exogeneous TDP-43 (in 
my siRNA experiments in the form of YFP-TDP-43)) would result in increased 
exosome-mediated endogenous TDP-43 mRNA degradation and therefore lead 
to reduced TDP-43 mRNA levels [164].  
In comparison to the proteins BRG1, pRB, HDAC1 or HP1 knock-down of c-
MYC had the opposite effect on TDP-43 mRNA expression and YFP-TDP-43 
aggregation (Figure 39B). c-MYC is known to repress or activate gene 
expression [281-283]. If c-MYC directly represses TDP-43 expression, knock-
down of MYC would result in increased endogenous TDP-43 expression, which 
indeed was the case in my experiments (Figure 39B). However, MYC silencing 
could also inhibit the auto-regulatory mechanism of TDP-43 and thereby 
increase TDP-43 expression (Figure 39B). Therefore, further experiments are 
necessary to clarify how c-MYC, BRG1, pRB, HDAC1 and HP1 regulate the 




Figure 39: Silencing of BRG1, HDAC1, pRB, HP1 and c-MYC influenced TDP-43 mRNA 
expression as well as TDP-43 protein aggregation. (A) BRG1, HDAC1, pRB and HP1 mRNA 
depletion reduced TDP-43 mRNA expression either directly or by altering the expression of 
proteins that are involved in the auto-regulatory mechanism of TDP-43 mRNA expression such 
as exosome components. Decreased TDP-43 mRNA levels most likely resulted in reduced TDP-
43 aggregation (B) In contrast, the depletion of c-MYC had the opposite effect. Knock-down of 
this gene increased TDP-43 mRNA levels either directly or indirectly, which results in increased 
protein synthesis and TDP-43 aggregation. 
 
3.5 Outlook 
In order to further elucidate mechanism how the proteins IQSEC1, ZNF179 and 
ZMAT2 influence the toxicity and aggregation of NDPs such as TDP-43 or 
huntingtin additional experiments are necessary. First of all, it is necessary to 
assess the effects of the knock-down of these three proteins on -synuclein and 
parkin induced cytotoxicity in a neuronal cell line or primary neurons. In this 
study I obtained evidence that mRNA expression of IQSEC1, ZNF179 and 
ZMAT2 is altered in PD brains, suggesting that these proteins might also 
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influence the synthesis and function of the proteins -synuclein and parkin 
(SNCA and PARK2) that play a key role in the pathogenesis of PD. 
Furthermore, it would be interesting to learn whether silencing of the three 
proteins also influences the cytotoxicity induced by other NDPs such as 
huntingtin or TDP-43. In case of huntingtin a suitable model would be a rat 
PC12 cell line, which stably expresses a toxic HTTEx1Q103-GFP fusion protein 
[355]. The human neuroblastoma cell line SH-EP (established as a model for 
TDP-43 toxicity in this thesis) or the mouse motor neuron-like cell line NSC-34 
[356] are suitable models to assess TDP-43 cytotoxicity. Another important 
aspect for further experiments is to elucidate the functions for ZNF179 and 
ZMAT2 in disease model systems, because there is not much known about the 
cellular function of these two proteins. Additionally, it would be interesting to 
show whether knock-down of IQSEC1 alters BACE1 endosomal sorting and 
inhibits autophagosome formation. This was shown for inactive ARF6_Q67L, 
but also needs to be investigated for IQSEC1 [330, 331]. 
The results in this thesis indicate that BRG1, HP1, HDAC1, pRB and c-MYC 
regulate TDP-43 expression and subsequently also affect TDP-43 aggregation. 
The experiments in this could not clearly elucidate how these five proteins 
regulate the expression of the TARDBP gene. Therefore, additional experiments 
need to be conducted to establish whether these proteins directly bind to the 
TARDBP gene. This can be done by chromatin immunoprecipitation (ChIP) 
experiments [357]. Furthermore, by determining the acetylation status of 
histones that bin to the regulatory sequences of the TARDBP gene it should be 
possible to determine whether the gene is silenced upon knock-down of any of 
the five proteins. Additionally, TDP-43 mRNA expression also needs to be 
assessed after knock-down of the five proteins in the absence of YFP-TDP-43 
over-expression, as over-production of exogeneous TDP-43 might influence 
endogenous TDP-43 expression because of the auto-regulatory mechanism 




4 Materials and Methods 
4.1 Materials 
4.1.1 Bacterial strains 
Mach1TM T1R E. coli/ F- Φ80lacZ∆M15 ∆lacX74 hsdR(rK-, mK+)∆recA1398 endA1 
tonA (Invitrogen), recommended strain for use with the Gateway® 
Cloning System. 
4.1.2 Yeast strains 
L40ccua MATa his3∆200 trp1-901 leu2-3, 112 LYS2::(lexAop)4-HIS3 
ura3::(lexAop)8-lacZ ADE2::(lexAop)8-URA3 GAL4 gal80 can1 cyh2 
[168] 
L40ccα MATα his3∆200 trp1-910 leu2-3, 112 ade2 LYS2::(lexAop)4-HIS3 
URA3::(lexAop)8-lacZ GAL4 gal80 can1 cyh2 [168] 
4.1.3 Cell lines 
SH-EP Human neuroblastoma cell line derived from SK-N-SH cells;adherent 
epithelial-like cells growing as monolayer [358] (Prof.Dr. M. Schwab, 
DKFZ [359])  
HEK293 Human embryonal kidney cell line; adherent fibroblastoid cells growing 
as monolayer (DSMZ, Deutsche Sammlung für Mikroorganismen und 
Zellkulturen GmbH) 
SH-SY5Y Human neuroblastoma cell line derived from SK-N-SH cells and sub-
cloned via SH-SY5 and SH-SY [358] (DSMZ, Deutsche Sammlung für 
Mikroorganismen und Zellkulturen GmbH) 
SH-SY5Y_ 
APP695 
Human neuroblastoma cell line stably transfected with APP695 (kindly 
provided by Prof. Dr. Willnow, MDC) 
4.1.4 Plasmid vectors 
pBTM116-D9 
Characteristics Y2H bait vector, 2µ plasmid, Gateway® cloning 
Size 8,206 bp 
Promoter pADH1 
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Reference Stelzl et al. 2005 [190] 
 
pACT4-DM 
Characteristics Y2H prey vector, 2µ plasmid, Gateway® cloning 
Size 9,444 bp 
Promoter pADH1 





Reference Grelle et al. 2006 [360] 
 
pPA-Reni-DM 
Characteristics Expression vector for mammalian cells, Gateway®
cloning 
Size 8,404 bp 
Promoter CMV 
Tag Protein A-Renilla luciferase 
Resistance AmpR 
Reference Palidwor et al. 2009 [238] 
 
pFireV5-DM 
Characteristics Expression vector for mammalian cells, Gateway®
cloning 
Size 8,828 bp 
Promoter CMV 
Tag Firefly luciferase-V5 
Resistance AmpR 
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pdECFP-Amp 
Characteristics Expression vector for mammalian cells, Gateway®
cloning 
Size 6,195 bp 
Promoter CMV 
Tag Enhanced cyan fluorescent protein (ECFP) 
Resistance AmpR 
Reference Simpson et al. 2000 [361] 
 
pdEYFP-Amp 
Characteristics Expression vector for mammalian cells, Gateway®
cloning 
Size 6,157 bp 
Promoter CMV 
Tag Enhanced yellow fluorescent protein (EYFP) 
Resistance AmpR 
Reference ImaGenes GmbH 
 
pDONR221 
Characteristics Entry vector of the Gateway® cloning system 




4.1.5 Microbiological media and buffers 
100x Ade 2 g/l adenine 
1000x Ampicillin stock 100 mg/ml dissolved in 50% ethanol, stored at -20°C 
AttoPhosTM buffer 50 mM Tris-HCl pH 9.0, 500 mM NaCl, 1 mM MgCl2 
AttoPhosTM reagent 10 mM AttoPhosTM reagent dissolved in 100 mM Tris-HCl pH 
9.0 
1% BSA Bovine serum albumin was dissolved in 1x PBS to a final con-
centration of 1% (w/v)  
Carbonate buffer 70 mM NaHCO3, 30 mM Na2CO3, pH 9.6 
88 Materials and Methods 
 
10x DNA sample 
buffer 
0.42% bromophenol blue, 0.42% xylene cyanol, 25% ficoll type 
400, dissolved in distilled water, stored at -20°C 
100x His 2 g/l histidine 
1000x Kanamycin 
stock 
25 mg/ml dissolved in distilled water, stored at -20°C 
100x Leu 10 g/l leucine 
LUMIER lysis buffer 50 mM HEPES, 150 mM NaCl, 10% glycerine, 0.1% NP-40, 
20 mM NaF, 1.5 mM MgCl2, 1 mM EDTA, 25 U/ml benzonase, 
1 mM PMSF and 1x protease inhibitor 
Lysis buffer for 
mammalian cells 
50 mM Tris-HCl pH 8.8, 100 mM NaCl, 5 mM MgCl2, 1% NP-
40, 1 mM EDTA, stored at 4°C; add protease inhibitors 
(CompleteTM final concentration: 1x, 1 mM PMSF) and 25 U/ml 
benzonase before use 
LB (Luria Bertani) 
medium 
10 g/l Bacto Peptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.2 
25x Protease 
inhibitors 
One tablet of CompleteTM protease inhibitor (Roche) dissolved 
in 2 ml distilled water, stored at -20°C 
10x PBS 80 g NaCl, 2g KCl, 14.4 g Na2HPO4, 2.4 g KH2PO4 to 1 l with 
distilled water 
1x PBS-T 1x PBS, 0.05% Tween® 20 
4% PFA 4 g of paraformaldehyde dissolved in 100 ml PBS and heated 
at 50°C for 5 min to reach a clear solution, stored at -20°C 
PMSF 100 mM PMSF dissolved in isopropanol, stored at -20°C 
10% resolving gel 3.3 ml of 30% acrylamide, 2.5 ml of 1.5 M Tris-HCl(pH 8.8), 
100 µl of 10% SDS, 4.05 ml ddH2O, 100 µl of 10% APS and 
10 µl TEMED 
4% stacking gel 0.65 ml of 30% acrylamide, 1.25 ml of 0.5 M Tris-HCl (pH 6.8), 
50 µl 10% SDS, 3.05 ml ddH2O, 50 µl of 10% APS and 10 µl 
TEMED 
SD medium 6.7 g/l yeast nitrogen base, 20 g/l glucose, 10 ml 100x amino 
acid stock solution (amino acid dependent on auxotrophic 
markers of yeast strain used) 
4x SDS loading buffer 200 mM Tris-HCl pH 6.8, 400 mM DTT, 8% SDS, 4 mg/ml 
bromophenol blue, 40% glycerol, store at -20°C 
1x SDS running buffer 1x WB buffer, 0.1% SDS 
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5% skimmed milk Skimmed milk powder was dissolved in TBS-T to a final 
concentration of 3% (w/v) 
S.O.C. medium 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 
10 mM MgCl2, 10 mM MgSO4, 20 mM glucose 
TBE 89 mM Tris base, 89 mM boric acid, 2 mM EDTA (pH 8.0) 
TBS 20 mM Tris-HCl pH 7.5, 150 mM NaCl 
TBS-T 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween® 20 
TE buffer 10 mM Tris-HCl (pH 8.0), 1 mM EDTA 
100x Trp 2 g/l tryptophane 
100x Ura 2 g/l uracil 
10x WB buffer 30 g/l Tris, 144 g/l glycin 
Western blot buffer 1x WB buffer, 10% ethanol 
YPD medium 10 g/l yeast extract, 20 g/l bacto peptone, 20 g/l glucose 
 
4.1.6 Media and supplements for mammalian cell culture 
Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/l D-glucose, 
sodium pyruvate, without L-glutamine 
Gibco 
Dulbecco’s modified Eagle medium (DMEM) with 1 g/l D-glucose, 
L-glutamine, sodium pyruvate 
Gibco 
0.5% Trypsin and 0.53 mM Na-EDTA in Hanks’ B.S.S. Gibco 
Fetal calf serum (FCS) from E.G. approved countries Gibco 




Penicillin G (10,000 units/ml) and Streptomycin sulphate 
(10,000 µg/ml) in 0.85% saline 
Gibco 
MEM Non Essential Amino Acids (100x) Gibco 
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4.1.7 PCR primers for entry clone synthesis 
TDP-43_CT_attB1: 
5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG GGC CAC CAT GGT CTT CAT 
CCC CAA GCC A-3’ 
TARDBP_reverse_attB2: 
5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTG CTA CAT TCC CCA GCC AGA 
AGA CTT AGA-3’ 
The oligonucleotides were synthesized by metabion international AG in quantities of 40 
nmol and were purified by desalting. Primers were resolved in nuclease-free water and 
used in PCR reactions at 100 µM concentrations. 
4.1.8 siRNAs 
ON-TARGETplus SMARTpool siRNAs were purchased from Dharmacon siRNA 
Technologies (Thermo Scientific) in a quantity of 5 nmol and were resolved to a 
concentration of 20 µM in RNAse-free water. The non-targeting control siRNA No. 4 
(NTC; Thermo Scientific) was used as negative control and siGLO Red (fluorescence 
tag DY-547) was used as transfection control. Ambion Silencer® Select siRNAs (Life 
Technologies) were a kind gift of Prof. Dr. Michael Boutros (DKFZ, Heidelberg). 
Table 5: siRNA target sequences 
Name Company Target mRNA sequences 
ARA54 Ambion GAUCUGAUGUAGACCAAGA 
GGAUGCAAUUUCUUAAGGA 
CAAUGACCCUGGUUCACCA 
ASB13 Ambion GUGUGAGGCUUCUUAUUGA 
CGAGUACUACGAAAAGACA 
GUGCUUCGAGUACUACGAA 
ATG10 Ambion GAAUCUACCUCUGAGUUAU 
CAAUAAGAAUGUCAACUAU 
CAACAGAUAGGUGAUAGUU 
ATN1 Ambion CCUUAUUCAUCCUCUAGUA 
GCAAGAUGCUAUCCAUGCA 
GGCGGAGCCUUAAUGAUGA 
ATP1A3 Ambion CCGUGAAGCUGAUGCGUGA 
GGGUUUGACCCACAGCAAA 
CGGACAAAUUGGUCAAUGA 
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Name Company Target mRNA sequences 
BACE1 Ambion GCAUCACCAUCCUUCCGCA 
AGACGACUGUUACAAGUUU 
GCAUGAUCAUUGGAGGUAU 
BRG1 Ambion GUAGCUCCGAGGUCUGAUA 
GGAAUACCUCAAUAGCAUU 
GGCUUGAUGGAACCACGAA 
CDC16 Ambion GCUGUAUAUUGGAUUAGAA 
GGAACGAGGUAACAGUUGA 
CACGAAAACUGGACAAAUU 
CDC23 Ambion CUUGGUGCCUGGACACUAA 
GACCCUUACAGGAUUGAAA 
GAUUGAUAAAUAUCGUGUA 




GNB2 Ambion GGGUUUUGCUGGACACAGU 
AGACCUUCAUCGGCCAUGA 
GGGAUUCCAUGUGCCGACA 
HDAC1 Ambion CUAUGGUCUCUACCGAAAA 
CCGGUCAUGUCCAAAGUAA 
CCAAUAUGACUAACCAGAA 
HDAC2 Ambion CUACGACGGUGAUAUUGGA 
GGCAGAUAUUUAAGCCUAU 
GGGUUGUUUCAAUCUAACA 
HDAC6 Ambion CCGUGAGAGUUCCAACUUU 
CAGUUUAUCUGCAUCCGAA 
GGAGGGUCCUUAUCGUAGA 
HIP1 Ambion GAGCCUGUCUGAGAUAGAA 
GCAAAUCACAGAUCGAAGA 
CCACUUAAUUGAGCGACUA 
HP1 Ambion ACCUGGUUCUUGCAAAAGA 
GCAGAGCAAUGAUAUCGCU 
GGAGCACAAUACUUGGGAA 
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Name Company Target mRNA sequences 
IRE1 Ambion CCUGCGCUAUCUGACCUUC 
CAGGACAUCUGGUAUGUUA 
GAAACUUCCUUUUACCAUC 




KIF1B Ambion GCAAUGCUGUUAUCAAUGA 
GGAAAAUCUUAUACAAUGA 
CGAAGAUCCCUGUUUUGCA 
KLHL20 Ambion GAUGGAUCCUCUUAUCUCA 
GGAUCCUCUUAUCUCAAUA 
GCUUCUAUGAGUACCAGAA 
MYC Ambion GAGCUAAAACGGAGCUUUU 
AGACCUUCAUCAAAAACAU 
ACAGCCCACUGGUCCUCAA 
NDUFS1 Ambion CUCCUAAUCUUGUUCGAUA 
CCAUAGCUGAUGUUAUUCU 
GGGUUGGAAUAUCCUAACA 
PANK2 Ambion GCAUAUGCUUUGGAUUAUU 
GGACGGUCACAGUGCUAUU 
GAGCGACUUUGAUCACCAU 
PIMT Ambion CAAUCUCCGCAAAAAUGGA 
GGAUUCUCCACAAUCAAUA 
CCCACUAUGCAAAAUGUAA 
PRPF8 Ambion GCAGAUACAUUGAUCGCAU 
GGACAUGAACCAUACGAAU 
CCCUACAUGUGAACAACGA 
RB Ambion GCGUGUAAAUUCUACUGCA 
GGAUAGCAAAACAACUAGA 
CCAGUACCAAAGUUGAUAA 
RING1B Ambion GGAGUGUUUACAUCGUUUU 
CAAACGGACCAAAACAUCU 
GGCUAGAGCUUGAUAAUAA 
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Name Company Target mRNA sequences 
RPS27A Ambion GUACUUUGUCUGACUACAA 
CCUCGGAUACGAUAGAAAA 
GGACGUACUUUGUCUGACU 
RYBP Ambion CAAAGACCAGCGAAACAAA 
GAAACAGUGCUGAAGCCUU 
GCAUCUGCGAUGUGAGGAA 
SF3B3 Ambion CAACCUUAUUAUCAUUGAA 
CGUCUAUACUUACAAGCUU 
GUUUCAUCUGGGUUCGCUA 
SOCS4 Ambion GAAGUUAUCUUGGUCAAAA 
GGAUGGUCAGCUAAAACGA 
CAGUGAAUGGUAUAGAGAA 
TRIM23 Ambion CCCAUUUGAUCGACAAGUA 
GGGUCGUUACGUUAGGAUU 
CUCUAGCUGAUAAACCUCA 
UBC Ambion GGUUGAUCUUUGCCGGAAA 
GUGAAGACCCUGACUGGUA 
GCAAAUCUUCGUGAAGACA 
UBE2A Ambion CCAGGAGAACAAACGGGAA 
GAACAAACGGGAAUAUGAA 
GGAUGAACCCAAUCCCAAU 
UEV1A Ambion UGGAGUAAAUAGUUCUAAU 
GAAUUCAUAUAGCAUCAAA 
AGUAAAUAGUUCUAAUGGA 
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Name Company Target mRNA sequences 





4.1.9 Quantitative real-time PCR assays 
TaqMan® Gene Expression Assays with FAM or VIC as dye label were purchased from 
Applied Biosystems (Life Technologies). 





Assay function Dye label 
ACTB Hs99999903_m1 Housekeeping gene FAM or VIC 
APP Hs01552283_m1 Target transcript FAM 
ATG10 Hs00919719_m1 Target transcript FAM 
ATXN1 Hs00165656_m1 Target transcript FAM 
CBX5 Hs01127577_m1 Target transcript FAM 
CDC16 Hs00187430_m1 Target transcript FAM 
HDAC1 Hs02621185_s1 Target transcript FAM 
HTT Hs00918174_m1 Target transcript FAM 
IRE1 Hs00176385_m1 Target transcript FAM 
IQSEC1 Hs00208333_m1 Target transcript FAM 
KLHL20 Hs00976200_m1 Target transcript FAM 
PARK2 Hs01038318_m1 Target transcript FAM 
RB Hs01078066_m1 Target transcript FAM 
SNCA Hs01103383_m1 Target transcript FAM 
SOCS4 Hs00328404_s1 Target transcript FAM 






Assay function Dye label 
TARDBP Hs00606522_m1 Target transcript FAM 
WBSCR27 Hs00381185_m1 Target transcript FAM 
ZMAT2 Hs00291823_m1 Target transcript FAM 
ZNF179 Hs00246644_m1 Target transcript FAM 
 
4.1.10 Antibodies 
Antibodies were used for immunoblotting (IB), immunofluorescence (IF) and 
immunoprecipitation (IP). For IPs 1.6 µg of each antibody was used. 
Table 7: Primary antibodies 
Antibody Species Dilution Supplier 
Anti-Actin Mouse 1:2,000 (IB) Abcam 
Anti-BRG1 Rabbit 1:2,000 (IB) ProteinTech 
Anti-FUS Rabbit 1:2,000 (IB) ProteinTech 
Anti-GFP Mouse 1:1,000 (IB) Abgent 
Anti-HDAC1 Rabbit 1:800 (IB) ProteinTech 
Anti-HDAC2 Rabbit 1:2,000 (IB) ProteinTech 
Anti-HDAC6 Rabbit 1:1,000 (IB) ProteinTech 
Anti-HP1 Rabbit 1:800 (IB) ProteinTech 
Anti-IGF2BP2 Rabbit  ProteinTech 
Anti-MYC Rabbit 1:1,000 (IB) ProteinTech 
Anti-RBBP4 Rabbit  Abcam 
Anti-Human Tau Rabbit 1:1,000 (IB) Dako 
Anti-PHF-tau (AT8) Mouse 1:100 (IB) Thermo Scientific 
Anti-TDP-43 Rabbit 1:1,500 (IB) ProteinTech 
96 Materials and Methods 
 
Antibody Species Dilution Supplier 
Anti-YWHAH Rabbit  ProteinTech 
Gamma globulin Sheep  Jackson Immunoresearch 
 
Table 8: Secondary antibodies 
Antibody Conjugate Species Dilution Supplier 
Anti-mouse IgG Alkaline 
phosphatase 
Goat 1:10,000 Sigma 
Anti-rabbit IgG Alkaline 
phosphatase 
Goat 1:10,000 Sigma 
Anti-mouse IgG Peroxidase Goat 1:2,000 Sigma 
Anti-rabbit IgG Peroxidase Goat 1:2,000 Sigma 
Anti-sheep IgG  Rabbit  Jackson 
Immunoresearch 
 
4.1.11 Enzymes, proteins, markers and DNA 
BP Clonase enzyme mix Invitrogen 
Benchmark prestained protein ladder Invitrogen 
Benzonase purity grade II Merck 
BSA 10 mg/ml NEB 
BsrGI restriction enzyme NEB 
Herrings sperm carrier DNA Clontech 
1 kb DNA ladder Invitrogen 
LR Clonase enzyme mix Invitrogen 
PageRuler Prestained Protein Ladder Thermo Scientific 
Phusion HF Master Mix NEB 
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4.1.12 Kits 
Apo-ONE® homogenous caspase-3/7 assay Promega 
BCA Protein assay reagent Pierce 
Dharmafect 1 transfection reagent Dharmacon 
Dharmafect Duo transfection reagent Dharmacon 
Dual-GloTM Luciferase Assay System Promega 
Duolink In Situ Red Starter kit Olink Bioscience 
Human/Rodent Abeta 3-Plex Ultra-Sensitive Kit Meso Scale Discovery 
Lipofectamine 2000 Invitrogen 
Plasmid Mini kit Qiagen 
QIAquick gel extraction kit Qiagen 
QIAshredder homogenizer columns Qiagen 
Quick blunting kit NEB 
RNAeasy Mini kit Qiagen 
RevertAid H Minus First Strand cDNA Synthesis kit Fermentas 
TaqMan® Universal PCR Master Mix Applied Biosystems 
TransIT transfection reagent Mirrus 
Western Lightning ECL Perkin Elmer 
 
4.1.13 Chemicals and consumables 
3MM Whatman filter paper Whatman 
Agarose Invitrogen 
Ammoniumpersulfate (APS) BioRad 
Ampicillin-trihydrate Sigma-Aldrich 
Blot absorbent filter paper BioRad 
Bovine serum albumin, fraction V Merck 
Bromophenol blue Merck 
Cell culture dishes BD Falcon 
Cellulose acetate membrane 0.2 µm Schleicher & Schuell 
Complete protease inhibitor cocktail Roche 
Cover slips (round) BD Biosciences 
Dithiothreitol (DTT) Serva 
Dimethylsulfoxide (DMSO) Sigma-Aldrich 
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Dynabeads® Protein G for Immunoprecipitation Invitrogen 
Ethidium bromide solution 10 mg/ml Sigma-Aldrich 
Ethylenediamine tetraacetic acid (EDTA) Merck 
Filter paper GB005 Schleicher & Schuell 
Glycerol Merck 
High density nylon membranes Micron Separations Inc. 
Hoechst 33342 Biovision 
Kanamycin A monosulfate Sigma-Aldrich 
MicroAmp Optical 96-well reaction plate Applied Biosystems 
MicroAmp Optical Adhesive film Applied Biosystems 
NP-40 (IGEPAL CA 630) Sigma-Aldrich 
NuPAGE® MES SDS Running Buffer Invitrogen 
NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 10/15 well Invitrogen 
Protran BA 83 nitrocellulose membrane Schleicher & Schuell 
O-phenanthroline Merck Chemicals 
Para-formaldehyde Sigma-Aldrich 
Phenylmethylsulfonylfuoride (PMSF) Sigma-Aldrich 
Polyoxyethylensorbitan-Monolaureat Tween20 Sigma-Aldrich 
P-t-Octylphenyl-polyoxyehtylen Triton X-100 Sigma-Aldrich 
QTray Molecular Devices 
Restriction digest buffer 2 NEB 
RNAse Zap Carl Roth 
Sodium glycinate Sigma-Aldrich 
TEMED Life Technologies 
TrypanBlue solution (0.4%) Sigma-Aldrich 
X-Gal (5-bromo-4-chloro-3-indolyl--D-galactopyranosid) Promega 
All other chemicals, salts, buffer substances, solvent, acids and bases were from Carl 
Roth GmbH. 
 
4.1.14 Laboratory equipment 
7500 Real-time PCR system Applied Biosystems 
Arrayscan VTI HCS reader (Cellomics) Thermo Scientific 
Bio imaging system for agarose gels Gene Genius 
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C1000TM thermal cycler BioRad 
Centrifuge 5417C / 5430 / 5810R Eppendorf 
Cryo 1C freezing container Nalgene 
Image reader LAS-3000 Fujifilm 
Infinite M200 plate reader Tecan 
Infinite M1000 plate reader Tecan 
NanoDrop 8000 Photometer Peqlab 
Pipetting robots Biomek 
Polyacrylamide gel electrophoresis apparatus, Criterion 
system 
BioRad 
Photometer Ultraspec 3000 Amersham Biosciences 
PTC-200 gradient cycler MJ Research 
Rearraying pipetting robot Tecan 
SECTOR® Imager 6000 Meso Scale Discovery 
Semi-dry Western blotting apparatus BioRad 
Spotting robot KBiosystems 
Thermomixer comfort Eppendorf 
TW8 water bath Julabo 




4.2.1 Molecular biology based methods 
4.2.1.1 Creation of new Gateway®-compatible entry clones 
Gateway®-compatible entry clones of TDP-43_CT was created by adding attB recombi-
nation sites to TDP-43 cDNA constructs in a PCR reaction using appropriate primers 
described in section 4.1.7.1. The cDNA construct was a kind gift of Prof. Dr. C. Shaw. 
The components of the PCR reaction and the PCR program are described in Table 9 
and Table 10. 
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Table 9: Composition of the PCR reaction to create entry clones 
Component Volume (µl)
Water 21 µl 
2x Phusion HF master mix 25 µl 
Primer 1 (10 µM) 1 µl 
Primer 2 (10 µM) 1 µl 
Template DNA (15 ng) 2 µl 
 
Table 10: PCR program to create entry clones 
Cycle step Temperature Time Cycles
Initial denaturation 98°C 30 s 1 
Denaturation 98°C 10 s 
Annealing 55°C 30 s 
Extension 72°C 3 min
 
35 
Final extension 72°C 5 min 1 
 4°C hold  
 
PCR products were purified by DNA gel electrophoresis (Section 4.2.1.7) and the app. 
fragments were extracted from agarose gels with the QIAquick gel extraction kit 
(Qiagen) according to the manufacturer’s instructions. The purified PCR products were 
cloned into the vector pDONR221 by performing BP reactions for 2 h at 25°C. The BP 
reactions had the following composition: 
5 µl purified PCR fragment
2 µl BP clonase mix II 
2 µl 1x TE 
1 µl pDONR221 (75 ng/µl)
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After that the cloning reaction mix was transformed into chemically competent 
Escherichia coli (E. coli) Mach1-T1R cells (Section 4.2.1.3). After growing single clones 
over night, plasmid DNA was prepped (Section 4.2.1.4). Correctness of the constructs 
was checked by restriction digest with BsrGI (Section 4.2.1.6). 
4.2.1.2 Shuttling of cDNA constructs into expression vectors 
cDNA constructs taken from our entry clone library or self-made entry clones were 
shuttled into expression vectors using the Gateway® technology (Invitrogen). The fol-
lowing reactions were incubated over night at room temperature according to the shut-
tling protocol of the manufacturer: 
1 µl entry clone DNA (~100 ng/µl)
1 µl expression vector (75 ng/µl) 
1 µl LR clonase mix II 
2 µl 1x TE 
 
After the incubation the shuttling mixture was transformed into chemically competent E. 
coli Mach1-T1R according to the following section (4.2.1.3). After growing single clones 
over night and preparing the plasmid DNA from them using the protocol in section 
4.2.1.4, the correctness of the expression constructs was controlled by restriction 
digest with BsrGI (Section 4.2.1.6). 
4.2.1.3 Chemical transformation of E. coli 
For the transformation of chemically competent Mach1-T1R E. coli cells with plasmid 
DNA, the BP reaction mix (10 µl) or the shuttling reaction mix (5 µl) were added to 10 µl 
of competent Mach1-T1R cells and incubated on ice for 30 min followed by a heat-
shock for 45 s at 42°C. Next, the cells were cooled on ice for 5 min, mixed with 100 µl 
S:O.C. medium without antibiotics and then incubated at 37°C with shaking for 1 h. 
Finally, the cells were plated onto LB-agar plates with the corresponding antibiotics and 
were grown at 37°C over night. 
 
 
102 Materials and Methods 
 
4.2.1.4 Plasmid preparation from E. coli 
For amplification of plasmid DNA, LB medium supplemented with the appropriate 
antibiotics was inoculated with single E. coli colonies and the cells were grown over 
night at 37°C in an incubator-shaker (250 rpm). The cells were harvested by 
centrifugation (5 min at 4,000 rpm (Centrifuge 5810 R (Eppendorf)) and the plasmid 
DNA was purified using the Qiagen Plasmid Mini kit according to the manufacturer’s 
instructions. 
4.2.1.5 Determination of DNA and RNA concentration 
The concentration of nucleic acids was determined by measuring the absorbance of 
the purified DNA or RNA in aqueous solution at 260 nm (A260) and 280 nm (A280) in a 
NanoDrop spectrophotometer (Thermo Scientific). A260 readings of 1.0 are equivalent 
to 50 µg/ml double-stranded DNA or 40 µg/ml single-stranded RNA. The A260/A280 
ratio is used to assess DNA and RNA purity and a ratio of 1.8 to 2.1 indicates a high 
purify of the DNA or RNA sample. 
4.2.1.6 Restriction digest of DNA with BsrGI 
The restriction digest of the plasmid DNA samples with the enzyme BsrGI was per-
formed in restriction digest buffer 2 according to the following recipe: 
7.8 µl ddH2O 
1 µl 10x restriction buffer 2 
2 µl DNA (~ 100 ng/µl) 
0.1 µl BSA (10 mg/ml) 
0.1 µl enzyme BsrGI (10,000 U/ml)
 
The reactions were incubated at 37°C for 2 h and then stopped by adding 10x DNA 
sample buffer. The samples were analysed by electrophoresis on agarose gels 
(Section 4.2.1.7). 
4.2.1.7 DNA electrophoresis 
For the separation of DNA fragments and PCR products mixed with 10x DNA sample 
buffer were loaded onto 1% (w/v) TBE agarose gels and separated by applying 80 V for 
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30 min. The agarose gels contained 0.5 g/ml ethidium bromide to visualize the DNA 
after separation under ultra violet (UV) light (Bio imaging system for agarose gels 
(Gene Genius)). 1x TBE was used as running buffer. 
4.2.1.8 RNA isolation from mammalian cells 
Total RNA from mammalian cells was extracted and purified using the RNeasy Mini Kit 
following the manufacturer’s instructions. To disrupt the cells, cell pellets were 
resuspended in the lysis buffer provided with the kit and homogenized by centrifugation 
through QIAshredder columns. Total RNA within the homogenate was purified from 
contaminants by applying the homogenates supplemented with 70% ethanol to 
RNeasy spin columns. The total RNA was eluted from RNeasy spin columns with 30 µl 
RNase-free water. The concentration of the total RNA preparations was determined 
using a spectrophotomer as described in section 4.2.1.5. 
4.2.1.9 First strand cDNA synthesis by reverse transcription 
The retroviral enzyme reverse transcriptase is used to transcribe RNA into 
complementary DNA (cDNA). Such as other polymerases this specific RNA-dependent 
DNA polymerase needs an oligonucleotide bound to the RNA which serves as starting 
point for the strand complementation. For the transcription of total RNA oligo-(dT)18 
primers (Fermentas) were used, which recognize the poly-A tail of eukaryotic mRNA. 
150-800 ng of total RNA (depending on the initial RNA concentration of the samples 
from one experiment) were transcribed into cDNA with the RevertAidTM H Minus First 
Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer’s protocol. 
4.2.1.10 Quantitative real-time PCR (qRT-PCR) 
The quantitative real-time polymerase chain reaction (qRT-PCR) is a highly sensitive 
technique to simultaneously amplify and quantify a DNA target sequence, based on the 
principle of a standard PCR [362]. The DNA quantification occurs by fluorescence 
measurement after each PCR cycle. For fluorescence detection the PCR products can 
be labelled with fluorescent dyes such as SYBR® green, which unspecifically 
intercalate into DNA double-strands, or with sequence-specific fluorescent probes 
(TaqMan probes) that carry a fluorophore (reporter) at their 5’-end and a quencher of 
fluorescence at the 3’-end of the probe. The close proximity of the reporter to the 
quencher prevents detection of its fluorescence; breakdown of the probe by the 5’ to 3’ 
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exonuclease activity of the Taq polymerase breaks the reporter-quencher proximity and 
thus allows unquenched emission of fluorescence, which can be detected after 
excitation with a laser [363]. The intensity of the fluorescence signal is directly 
proportional to the amount of amplified double-stranded PCR product and therefore 
increases over time with each PCR cycle. 
cDNA obtained from the reverse transcription of total RNA (150-800 ng; same 
concentration for each sample in the experiment) diluted 1:500 in nuclease-free water 
was used as template in the qRT-PCR reactions. For detection of the target cDNA 
purchased primer/probe mixes, specific for human mRNAs (FAM-labelled) were used 
(see section 4.1.9 and Table 6). As endogenous control for normalization of the relative 
mRNA levels to the amount of total RNA the TaqMan ACTB Endogenous Control Assay 
(FAM-labelled for single experiments and VIC-labelled for multiplex experiments) was 
used. All qRT-PCR reactions were performed with 2-3 biological replicates and 2-4 
technical replicates as single experiments to measure knock-down effects after siRNA 
treatment (detection of target and endogenous control cDNA in different wells) or as 
multiplex experiments to analyse expression of TARDBP, APP, HTT, ATXN1, SNCA or 
PARK2 (detection of TDP-43 or APP and ACTB cDNA within the same well). The 
composition of the real-time PCR reactions is shown below in Table 11 and Table 12. 
 
Table 11: Components of single qRT-PCR reactions 
Component Volume 
cDNA template (dilution 1:500) 2 µl 
TaqMan Gene Expression Assay (20x) or TaqMan 
Endogenous Control Assay 
1 µl 
TaqMan Universal PCR Master Mix (2x) 10 µl 
Nuclease-free water 7 µl 
Final volume 20 µl 
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Table 12: Components of a multiplexed qRT-PCR reaction 
Component Volume 
cDNA template (dilution 1:500) 2 µl 
TaqMan Gene Expression Assay (20x) 1 µl 
TaqMan Endogenous Control Assay (20x) 1 µl 
TaqMan Universal PCR Master Mix (2x) 10 µl 
Nuclease-free water 6 µl 
Final volume 20 µl 
 
All qRT-PCR reactions were performed in the 7500 Real-Time PCR System (Applied 
Biosystems) using the following amplification program: 
Table 13: qRT-PCR amplification program 
Temperature Time Cycles
50°C 15 min 1 
95°C 2 min 1 
95°C 15 s 
60°C 45 s 
 
50 
The qRT-PCR data were analyzed using the comparative cycle time (CT) method. The 
CT value corresponds to the PCR cycle in which the measured fluorescence intensity 
in each sample overcomes the background signal for the first time. The more target 
cDNA is present in the sample the earlier the threshold will be exceeded, resulting in a 
small cycle number and a low CT value. The CT value of each sample was normalized 
to the CT value of the endogenous control ACTB by calculating their difference in cycle 
time (CT) with the following formula: 
CT = CTtarget – CTendogenous control 
CT values were obtained by finding the difference between the samples of interest 
and the control samples (treated with non-targeting control (NTC) siRNA) by 
calculating: 
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CT = CTsample - CTNTC 
The fold change was calculated as FC = 2-CT for negative CT values and as FC = 
1/2-CT for positive CT values. The knock-down effect in percent was calculated as 
KD = (1 – 2-CT)*100. 
4.2.2 Protein biochemistry based methods 
4.2.2.1 Determination of protein concentrations 
The concentration of proteins in aqueous solution was determined with the 
bicinchoninic acid (BCA) protein assay (Pierce). The BCA method is based on the 
reduction of Cu+2 to Cu+1 by proteins in an alkaline solution. The binding of BCA to Cu+1 
results in a purple-colored product that absorbs at 562 nm. The amount of product 
formed is dependent upon the amount of protein in the sample. The absorption of the 
samples was compared to a BSA standard curve, based on a BSA dilution series, to 
determine the exact concentration of each sample. 
4.2.2.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE is a technique used to separate proteins according to their molecular mass 
relatively independent to their individual charge and was carried out according to 
Laemmli [364]. In brief, proteins are exposed to the anionic detergent sodium dodecyl 
sulphate (SDS) before and during gel electrophoresis. SDS denatures proteins, 
causing multimeric proteins to dissociate into their subunits, and all polypeptide chains 
are forced into extended conformations with similar charge-mass ratios. SDS treatment 
therefore eliminates the effects of differences in shape so that chain length, which 
reflects mass, is the sole determinant of the migration rate of proteins in SDS-PAGE. 
Additionally, DTT can be used to denature disulfide-linked tertiary structures. Hence, all 
samples were mixed with 4x SDS-loading buffer (8% SDS) supplemented with 200 mM 
DTT and were heat denatured for 5 min at 99°C. SDS-PAGE was performed with self-
cast gels made up of 4% (stacking gel) plus 10% (resolving gel) polyacrylamide gels or 
with pre-cast NuPAGE® Novex 4-12% Bis-Tris gels (Invitrogen). As a marker for protein 
size, BenchmarkTM Prestained Protein Ladder (Invitrogen) or PageRulerTM Prestained 
Protein Ladder (Thermo Scientific) was taken. The gels were run at 125 V in either 1x 
SDS running buffer for 1.5 h (self-cast gels) or in 1x NuPAGE® MES SDS running 
buffer for 40 min (pre-cast gels). 
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4.2.2.3 Western Blotting 
Following the separation by SDS-PAGE the proteins were transferred onto 
nitrocellulose membranes (Schleicher and Schuell) to immobilize the proteins and to 
visualize them by immonstaining. The transfer was performed in the semi-dry transblot 
apparatus (BioRad) at 20 V for 1.5 h. Subsequently the membranes were blocked in 
5% skimmed milk solution for 1 h at room temperature. The membranes were then 
incubated with the desired primary antibody over night (Table 7), washed three times 
with 1x TBS-T and in a second step incubated with the corresponding secondary 
antibody conjugated to either alkaline phosphatise or horseradish peroxidise (Table 8) 
for 1 h. After washing the membranes three times in 1x TBS-T and three times in 1x 
TBS, the proteins were detected either by fluorescence measurement under 460 nm 
UV-light (AttoPhos; Europa Bioproducts) or by chemiluminescence detection as 
recommended by the manufacturer (Western LightningTM, PerkinElmer) measurement 
in the LAS3000 image reader (Fuji). 
4.2.2.4 Total protein staining with Ponceau-S 
After blotting, the nitrocellulose membranes were quickly rinsed with distilled water and 
incubated in Ponceau-S solution (Sigma-Aldrich) for a few seconds. Subsequently, the 
membranes were washed with distilled water to remove background staining and to 
allow visual inspection of the blots. The dye was removed completely by incubating the 
blots in distilled water for 20 min. 
4.2.2.5 Luminescence-based mammalian interactome mapping 
technology (LUMIER) 
The LUMIER assay is a highly sensitive method to validate and to detect protein-
protein interactions [237]. For LUMIER assays protein A (PA)-Renilla luciferase (RL)-
tagged fusion proteins were co-produced with firefly luciferase (FL)-tagged putatively 
interacting proteins in HEK293 cells. After 48 h protein complexes were co-
immunoprecipitated from cell extracts (lysed with LUMIER lysis buffer) with IgG-coated 
384-well microtiter plates (BD Falcon). By several washing steps with 1x PBS-T weakly 
bound endogeneous cellular proteins are removed from the complex. Interactions 
between bait (PA-RL fusion proteins) and prey proteins (FL fusion proteins) were 
monitored by quantification of firefly luciferase activities [238]. Quantification of Renilla 
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luciferase activity was used to confirm that PA-RL-tagged bait proteins are successfully 
immunoprecipitated from cell extracts. To detect Renilla and firefly luciferase-based 
luminescence in samples with fusion proteins the Dual-glo Luciferase kit (Promega) 
was used. Bioluminescence was quantified in a luminescence plate reader (TECAN 
Infinite M1000). For each interaction both PA-RL and FL interaction fusion 
combinations were tested. 
 
Figure 40: Overview of the LUMIER assay. 
For each protein pair tested (interaction between selected bait and prey proteins) three 
different parallel co-immunoprecipitation experiments (Figure 40, Co-IPs A-C) were 
performed in HEK293 cells, in order to assess the specificity of an interaction. To 
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investigate the interaction between proteins X and Y the protein pairs (A) PA-RL-X + 
FL-Y, (B) PA-RL + FL-Y and (C) PA-RL-X + FL were individually co-produced in 
HEK293 cells. The proteins PA-RL (fusions of protein A and Renilla luciferase) and FL 
(firefly luciferase) in experiments B and C were used as controls to examine 
background protein binding. The resulting protein complexes in Co-IPs A-C were 
systematically analyzed by quantification of firefly luciferase activity. R-op and R-ob 
binding ratios were obtained by dividing the firefly luminescence activity measured in 
sample A by activities found in samples B and C. These controls allow assessing the 
protein interaction specificity. Low R-op values are an indication for unspecific prey 
protein interactions, while low R-ob values indicate unspecific bait protein interactions. 
Based on empirical studies with a set of well-characterized positive and negative 
interaction pairs, R-op and R-ob binding ratios of 1.5 were determined as threshold for 
reliable, specific protein-protein interactions. 
4.2.2.6 IgG coating of the LUMIER assay plates 
The 384-well microtiter plates for the LUMIER assay were IgG coated using 50 µl 
coating buffer (10 µg/ml sheep gamma globulin in carbonate buffer) per well. The 
plates with the coating buffer were agitated at 200 rpm for 3 h at room temperature. 
After that, the wells were blocked for 1 h with 100 µl blocking buffer (1% (w/v) BSA in 
carbonate buffer) per well with agitation. The wells were washed three times for 5 min 
with 1x TBS-T with agitation, and coated with the affinity matrix by adding 50 µl capture 
solution (3.3 µg/ml rabbit anti-sheep IgG in carbonate buffer) per well. The affinity 
matrix coating step was done at least over night at 4°C with agitation in a humid 
atmosphere. Finally, the plates were washed three times for 5 min with 1x TBS-T 
before being used for the assay. 
4.2.2.7 Co-immunoprecipitation (Co-IP) from cell lysates 
For co-immunoprecipitation of endogenous proteins from mammalian cells (SH-SY5Y 
and SH-SY5Y_APP695), 500 µg protein from fresh cell lysates in 500 µl LUMIER lysis 
buffer was incubated with 1.6 µg of a specific antibody against the protein to be 
immunoprecipitated or against 14-3-3-eta (YWHAH) as control for 3 h at 4°C on a 
rotating wheel (50 rpm). Next, 30 µl of Protein G-coated Dynabeads® were added to 
the cell lysate-antibody mixtures and the samples were incubated for 1 h at 4°C on a 
rotating wheel (50 rpm). Following the binding, samples were washed three times with 
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1x PBS-T under rotation (5 rotations each) at room temperature. For elution 2x SDS-
loading buffer was added to the beads and the samples were heat denatured at 99°C 
for 5 min, followed by SDS-PAGE and Western Blotting. 
4.2.2.8 Aβ ELISA 
To analyze the effect of siRNA treatment or protein over-production on extracellular 
levels of Aβ40 and Aβ42 peptides, the Aβ ELISA kit “Human/Rodent Abeta 3-Plex Ultra-
Sensitive Kit” (Meso Scale Discovery) was used. SH-SY5Y_APP695 cells were 
transfected with siRNA (30 nM; knock-down experiments), with plasmid DNA (400 ng; 
over-expression experiments) or with both siRNA and plasmid DNA (rescue 
experiment) in 96-well plates and incubated for 72 h. Next, 50 µl of the cell culture 
medium was removed from each sample well and treated with 50 mM O-phenanthrolin 
(1 mM final concentration) to inhibit peptidases present in the cell culture medium. The 
cells were fixed with 4% para-formaldehyde and the nuclei were stained with Hoechst 
33342 (4 µg/ml). The medium samples, the Aβ standards (delivered with the kit) for the 
calculation of the standard curve and the ELISA plates were prepared according to the 
manufacturer’s instructions and the ELISA plates were read in the SI6000 (Meso Scale 
Discovery). The number of cells and protein aggregates in case of over-expression 
experiments were assessed by high content screening using the Arrayscan VTI HCS 
reader (Thermo Scientific). 
4.2.3 Methods in cell biology 
4.2.3.1 Cultivation of mammalian cells 
SH-EP cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/l 
D-glucose, L-glutamine, sodium pyruvate supplemented with 10% fetal calf serum 
(FCS), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C and 5% CO2. Cells were 
grown up to 90% confluence and split down to 10% confluence. Briefly, the culture 
medium was removed; cells were washed with 5 ml D-PBS and detached from the 
flask by incubation with 0.5% (w/v) trypsin / 1 mM EDTA at room temperature for 2 min. 
Then, cells were resuspended in 20 ml pre-warmed culture medium and diluted into 
fresh 150 cm² culture flasks. 
SH-SY5Y cells were grown in DMEM with L-glutamine, 1 g/l D-glucose, sodium 
pyruvate supplemented with 15% FCS, 1% non-essential amino acids, 100 U/ml 
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penicillin and 100 µg/ml streptomycin at 37°C and 5% CO2. Cells were split down when 
they reached 80-90% confluence as described above and diluted into a fresh cell 
culture flask. 
SH-SY5Y_APP695 cells were grown in the same medium as SH-SY5Y cells and were 
split down as SH-SY5Y cells. The medium was supplemented with hygromycin B (60 µl 
per 20 ml medium) to maintain the stable expression of APP695. 
HEK293 cells were cultured in DMEM with 1 g/l D-glucose, L-glutamine, supplemented 
with 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C and 5% CO2. Cells were 
grown up to 90% and were split down to 10% confluence as described for SH-EP cells. 
4.2.3.2 Long-term storage of mammalian cells 
Cells were grown to 90% confluence in 150 cm² culture flasks. After removing the 
medium, cells were washed and detached by trypsination as described above and 
pelleted by centrifugation at 1,500 rpm for 5 min. Subsequently, cells were 
resuspended in 1 ml of fetal calf serum supplemented with 10% DMSO. Cells were 
then slowly cooled down to -80°C in a cryo-tube over night. Finally, the tubes were 
transferred to the liquid nitrogen tank for long term storage. 
 
4.2.3.3 Determination of the cell number by TrypanBlue staining 
TrypanBlue is an acidic dye, which binds to cellular proteins. In dead cells the cell 
membrane is permeabilized which allows the dye to enter the cytosol resulting in a blue 
cell staining. Cells which are alive cannot be stained and appear bright under the 
microscope. Because of the blue color one can easily distinguish between living and 
dead cells. To determine the number of living cells within a population a Neubauer 
counting chamber was used. 10 µl of cell suspension was mixed with 90 µl TrypanBlue 
staining solution (0.4%), applied to the counting chamber and the living cells were 
counted in each of the 4 large counting squares. The number of viable cells (cells/ml) is 
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4.2.3.4 Transient transfection of mammalian cells 
In all cases siRNA, expression vectors or transfection reagent were diluted in the 
appropriate amount of Opti-MEM®. 
HEK293 cells 
FRET assay-based RNAi screens were performed in 384-well plates using pools of 
three synthetically produced siRNAs purchased from Ambion. 4,000 HEK293 cells per 
well were reverse transfected with siRNA pools (200 nM in total) with Dharmafect 1 
according to the manufacturer’s instructions, i.e. cell suspensions were seeded on top 
of the siRNA-transfection reagent mixtures. The cells were incubated for 24 h at 37°C 
and 5% CO2. Then, the cells were co-transfected each with 10 ng of the EYFP-TDP-
43_CT and with 10 ng of the ECFP-TDP-43_CT expression vectors using the TransIT 
transfection reagent according to the manufacturer’s instructions. The samples were 
further incubated for 48 h at 37°C and 5% CO2. 
FRET assays for assessment of TDP-43 aggregation were established by co-
transfecting HEK293 cells with 100 ng of the EYFP and ECFP expression vectors, with 
100 ng of the EYFP-TDP-43 and ECFP-TDP-43 expression vectors or with 100 ng of 
the EYFP-TDP-43_CT and EYFP-TDP-43_CT expression vectors using Lipofectamine 
2000 (25 µl per 1 ml medium). Here, 16,000 cells per well were seeded one day before 
transfection in 96-well plates and the cells were incubated for 48 h after transfection at 
37°C and 5% CO2. 
For expression tests HEK293 cells seeded in 96-well plates (24 h before transfection) 
were transfected with EYFP-TDP-43, ECFP-TDP-43, EYFP-TDP-43_CT or ECFP-
TDP-43_CT expression vectors using Lipofectamine 2000 (25 µl per 1 ml medium) and 
incubated for 48 h at 37°C and 5% CO2. 
SH-EP cells 
RNAi experiments were performed using pools of three (Ambion) or four (Dharmacon) 
synthetically produced siRNAs. For the RNAi screen SH-EP cells were reversely 
transfected with pools of siRNA (100 nM in total) and 150 ng of EYFP-TDP-43 
expression vector using Dharmafect Duo as transfection reagent in 96-well plates 
(aggregation and toxicity; 8,000 cells per well; 0.375 µl / well Dharmafect Duo) or 24-
well plates (qRT-PCR, Western Blots and laser scanning microscopy; 40,000 cells per 
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well; 1.875 µl / well Dharmafect Duo). The samples were incubated for 72 h at 37°C 
and 5% CO2. 
SH-SY5Y cells and SH-SY5Y_APP695 cells 
For siRNA and over-expression experiments, SH-SY5Y_APP695 cells were seeded 
into 96-well plates (12,000 cells / well) or into 24-well plates (60,000 cells / well) using 
medium supplemented with hygromycin B (3 µl / ml medium). After incubating the cells 
at 37°C and 5% CO2 for 24 h, the medium was exchanged by 50 µl (96-well) or 250 µl 
(24-well) of medium without antibiotics. The cells were then transfected with pools of 
siRNA (30 nM in total) or 400 ng EYFP fusion protein expression vectors using 
Lipofectamine 2000 (0.8 µl per well (96-well) or 4 µl per well (24-well)) in 50 µl or 250 µl 
Opti-MEM®. After 24 h of incubation at 37°C and 5% CO2, the medium was replaced by 
fresh medium without antibiotics and the cells were further incubated for another 48 h 
under the same conditions. 
SH-SY5Y cells were similarly transfected except that the medium of the freshly seeded 
cells was not supplemented with hygromycin B. 
 
4.2.3.5 Quantification of protein aggregation by high content 
fluorescence imaging 
Modulators of protein aggregate formation were tested in SH-EP cells. Cells were 
reversely co-transfected with 150 ng EYFP-TDP-43 and siRNA pools (100 nM in total) 
in black 96-well plates with transparent bottom (BD Falcon). 72 h after transfection cells 
were fixed with 4% para-formaldehyde and DNA was stained with Hoechst 33342 
(1:2,500). The cell culture plates were then placed into a high content screening (HCS) 
cell analysis system (Arrayscan VTI). HCS is defined as the automation of high-content 
cell biological investigation of arrayed cells including the key operations of image 
acquisition, archiving, processing and analysis, and cellular knowledge mining [365]. 
‘High content’ is used to refer to processes that are defined spatially and temporally in 
the context of the structural and functional integrity of each individual cell within an 
array of cells [365]. Nuclei were identified by Hoechst fluorescence, cell dimensions 
were fitted using the ArrayScan VTI software (Thermo Scientific). EYFP-TDP-43 over-
production (total intensity within each cell) and aggregation (mean intensity of spots, 
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mean size of spots and mean number of spots per cell) was quantified by YFP 
fluorescence. Only cells with YFP fluorescence signals were analyzed and the 
fluorescence signals were normalized Automatedally to the number of YFP transfected 
cells. Each one of three independent experiments performed was done in triplicate (i.e. 
9 data points). 
Similarly, high content fluorescence imaging was used to quantify the number of SH-
SY5Y_APP695 cells (based on Hoechst fluorescence), which were transfected with 
30 nM siRNA pools or 400 ng EYFP expression plasmids, fixed with 4% para-
formaldehyde and stained with Hoechst 33342 after 72 h incubation at 37°C and 5% 
CO2. In case of cells transfected with EYFP expression plasmids the aggregation of the 
EYFP fusion proteins was assessed as described for SH-EP cells above. Each 
experiment was performed in triplicates. 
4.2.3.6 A cell-based FRET assay to quantify TDP-43 aggregation 
The FRET (Förster resonance energy transfer) method was used to analyse the effect 
of siRNA-based protein knock-down on aggregation of TDP-43_CT in high throughput 
in HEK293 cells. For monitoring the aggregation, HEK293 cells are first transfected 
with siRNA pools (200 nM in total) and 24 h later co-transfected with 10 ng of EYFP-
TDP-43_CT expression plasmids and 10 ng of ECFP-TDP-43_CT expression plasmids 
in 384-well plates (“Sample”). Moreover, other cells were transfected with ECFP-TDP-
43_CT expression plasmids and β-galactosidase expression plasmids (“ECFP-
Control”) or EYFP-TDP-43_CT and β-galactosidase expression plasmids (“EYFP-
Control”) as controls for background fluorescence. The ECFP can be excited at 436 nm 
and emits light at 485 nm, while EYFP can be excited at 485 nm and the fluorescence 
signal will be detected at 530 nm. When the donor (ECFP) and acceptor (EYFP) are in 
close proximity (1-10 nm) due to the aggregation of the fusion proteins, the emitted 
light from the donor at 485 nm is able to excite the acceptor which results in 
fluorescence emission at 530 nm. EYFP fluorescence (excitation 485 nm, emission 
530 nm), ECFP fluorescence (excitation 436 nm, emission 485 nm), as well as the 
FRET signal (excitation 436 nm, emission 530 nm) were measured in the Infinite M200 
plate reader (Tecan) 48 h after plasmid transfection. To assess the effect of protein 
knock-down on TDP-43_CT aggregation a corrected FRET signal (NET-FRET) was 
calculated using the following formula: 





















Each experiment was performed in duplicates. 
4.2.3.7 Caspase 3/7 activation assays 
Caspase activity was measured in black 96-well plates with transparent bottom, using 
biochemical assays monitoring the activity of caspases 3/7. For that the Apo-ONETM 
Homogenous Caspase-3/7 Assay (Promega) was used according to the manufacturer’s 
instructions. The assay buffer rapidly lyses mammalian cells and the caspase substrate 
Z-DEVD-R110 present in the solution can be cleaved by active caspases 3 and 7, 
revealing a fluorescent group whose emission at 521 nm can be detected after 
excitation at 499 nm in a fluorescent plate reader. For detection of the signals in SH-EP 
cells under screening conditions a volume of 100 µl Apo-ONETM Homogenous 
Caspase-3/7 Assay was added to 100 µl cells in medium and the caspase activity 
signals were monitored over a time span of 5 h, measuring the fluorescence every 
5 min in the Infinite M200 plate reader (Tecan). 
4.2.3.8 Confocal microscopy 
SH-EP cells were seeded on cover slips in 24-well cell culture plates (40,000 cells/well) 
and transfected with cDNA encoding YFP-TDP-43 (450 ng) using Dharmafect Duo 
transfection reagent. 72 h after transfection cells were fixed with 4% para-
formaldehyde, stained with Hoechst 33342 (1:2,500 in PBS) and mounted with 
ProLong® Gold antifade reagent. TDP-43 over-production and aggregation was 
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4.2.4 Yeast-specific molecular biological methods 
Yeast cells were generally cultivated at 30°C. 
4.2.4.1 Transformation of plasmid DNA into yeast cells using the lithium 
acetate method 
Yeast strains to be transformed were incubated over night in 2 ml liquid YPD medium 
and then transferred into 28 ml fresh YPD medium. The culture was incubated (30°C; 
250 rpm) until the cells reached an OD600 of 0.4 to 0.6. After centrifugation at 2,000 rpm 
for 5 min, the pellet was washed with 10 ml 1x TE, resuspended in 1 ml mix I (1 ml 
lithium acetate (1 M), 5 ml sorbitol (2 M), 0.5 ml TE (10x) and 3.5 ml ddH2O) and 
incubated for 10 min to 1 h at room temperature. Each transformation sample was 
composed of 40 µl competent yeast cells (in mix I), 0.5 µg of plasmid DNA, 5 µg 
Hering’s sperm carrier DNA and 230 µl mix II (1.5 ml lithium acetate (1 M), 1.5 ml TE 
(10x), 10 ml PEG 3350 (60% w/v) and 2 ml ddH2O). The samples were carefully mixed 
and incubated for 30 min at 30°C. After adding 30 µl of DMSO to each sample, a heat 
shock was performed at 42°C for 7 min. After that, the samples were plated on 
selective medium and were incubated for 3-5 days at 30°C. 
4.2.4.2 Yeast two-hybrid (Y2H) assays 
Shortly after invention of the yeast two-hybrid system (Y2H) [366], it was adapted for 
library screens (Figure 41). The proteins of interest are provided as plasmid-encoded 
recombinant fusion proteins. The bait proteins are fused to a DNA-binding domain 
(DBD) of the bacterial transcription factor LexA (encoded in the vector pBTM116-D9). 
The prey proteins are tagged by the activation domain (AD) of GAL4. A physical 
interaction between of the bait and prey protein leads to the reconstitution of a 
transcription factor and thus to the activation of reporter genes such as HIS3 and URA3 
(Figure 41). This allows the yeast to grow on minimal medium lacking the app. amino 
acids (SDIV (-Leu, -Trp, -Ura, -His)), whereas this is not the case for non-interacting 
protein pairs. 
To create a prey matrix for interaction mating, the MAT yeast strain L40cc was 
individually transformed with pACT4-DM-based plasmids encoding prey proteins. The 
resulting yeast prey clones were arrayed in 384-well microtiter plates. cDNAs encoding 
the bait proteins (see Section 5.1) were shuttled into the yeast expression vector 
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pBTM116-D9 and the resulting plasmids were transformed into the MATa yeast strain 
L40ccua. Activation of the reporter genes HIS3, URA3 and lacZ in auto-activation tests 
as a result of the production of bait proteins was tested systematically. Only non-auto-
active constructs were taken for interaction mating assays with prey proteins [190]. 
 
Figure 41: The yeast two-hybrid principle. (A) Haploid yeast cells of mating type a are trans-
formed with a bait plasmid and those of mating type α with prey plasmids. A single bait strain is 
mated with a prey library. (B) Resulting diploids carry the genetic material of mated haploids. 
Interacting fusion proteins activate expression of reporter genes which assures survival on 
minimal medium that lacks certain amino acids (diploid on the left); diploids with non-interacting 
proteins cannot grow (diploid on the right). Abbreviations: DBD – DNA-binding domain, AD – 
activation domain. 
Liquid cultures of MAT yeast strains (preys) were replicated in 384-well microtiter 
plates using a pipetting robot (Tecan, Freedom EVOware®) and then mixed with bait 
producing MATa strains. For interaction mating, yeast mixtures were transferred onto 
YPD agar plates (QTrays) using a spotting robot (K4, KBiosystems) and were 
incubated for 48 h at 30°C. After mating, clones were Automatedally picked from agar 
plates and transferred into 384-well microtiter plates containing SDII (-Leu, -Trp, +Ura, 
+His) liquid medium and from there they were spotted onto SDII (-Leu, -Trp, +Ura, 
+His) agar to select for diploid yeasts carrying both bait and prey vectors. After 
incubation for 48 h at 30°C, diploid yeast clones were spotted onto SDIV (-Leu, -Trp,  
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-Ura, -His) agar to detect positive protein-protein interactions as well as on high density 
nylon membranes on top of SDIV agar plates for the LacZ assay. In the LacZ assay -
galactosidase is produced only in growing cells in which bait and prey proteins interact. 
After incubation for 3-4 days at 30°C, grown colonies were fractured with liquid nitrogen 
(2 min) and -galactosidase activity was detected with X-Gal substrate (2-8 h at 37°C). 
Digital images were taken from agar plates as well as from high density nylon 
membranes for Visual Grid software (GPC Biotech) assisted result digitalization. The 
automated Y2H screen was done in 4 repetitions. 
4.2.5 Bioinformatics-based methods of analysis 
4.2.5.1 Prediction of neurodegenerative disease-related target genes 
Prioritization of target genes 
Several manual and automated methods were applied in order to prioritize human 
protein-coding genes to their relation to neurodegenerative diseases. Methods were 
based on manual selections from the literature, analysis of high-throughput 
experimental data sets, data mining of genomic and drug data, and text mining of 
MEDLINE abstracts. The methods were mainly focused on the five following diseases: 
Alzheimer’s disease (AD), Huntington’s disease (HD), Parkinson’s disease (PD), 
amyotrophic lateral sclerosis (ALS), and spinocerebellar ataxia 1 (SCA1). Each method 
m was used to score a gene g with a sub-score Rmg between 0 (not selected or no 
predicted relation) and 1 (high confidence selection or prediction): 
]1,0[mgR  




mgmg RWS  
where a method weight Wm was defined as shown in Table 14. 
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Scaling of P-values 
When a method m was used to analyze a high-throughput data set of size N (e.g. the 
total number of probes of a microarray data set) and returned a P-value, the sub-score 
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where C = 10-30 for method Textmining2 and C = 0.05 for methods Textmining1, 
Expression, TextDrugs and Aging. 
Methods for the prioritization of ND-related target genes 
In the following section I give an overview over the different data sets used for the 
prioritization of ND-related target genes. The different data sets were used to prioritize 
all human protein-coding genes. 
Core1: 7 neurodegenerative disease-causing genes known to be related to AD, HD, 
PD, ALS and SCA1 (sub-score = 1 if selected, 0 otherwise) were manually selected 
from the literature. 
The Core2 data set was a manual ranking of genes genetically related to NDs from the 
OMIM database (sub-score = 1 if strongly related, 0.75 if related, 0.5 if moderately 
related, 0.3 if selected, and 0 otherwise). 
The Modifier1 data set was based on manual selection from the literature of genes with 
mutations associated with NDs (sub-score = 1 if selected, 0 otherwise). 
The Modifier2 data set was based on manual selection from the literature of genes 
known to be disease modulators (sub-score = 1 if selected, 0 otherwise). 
The HTT method selected HTT-interacting proteins from a study using high-throughput 
Y2H screenings and affinity pull down followed by mass spectrometry experiments. The 
HTT sub-score was set to 1 if the gene was listed in the related article [169], 0 
otherwise. 
The Orthologs method selected genes based on several studies of HD and SCA 
modulators in human or animal models (mouse, S. cerevisae, Drosophila melanogaster 
and C. elegans). From a set of selected articles (Table 15), relevant genes were 
extracted and Automatedally matched to the human orthologs using the HomoloGene 
database. Additionally targets were extracted by a manual bibliographic analysis. 
Genes were collected from publications published until 2006. Modifiers from genome-
wide studies to single gene studies were included. The sub-score is set to 1 if the gene 
was relevant, listed in the articles, and if it has a human ortholog. The sub-scores were 
equal to 0 otherwise. 
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Table 15: Studies used to identify known modulators in human or animal models. 
Pubmed ID Reference Disease Model 
11081516 Fernandez-Funez et al. (2000), 
Nature 408(6808): 101-6 
SCA1 Drosophila 
15254017 Ghosh and Feany (2004), Hum Mol 
Genet. 13(18): 2011-8 
SCA1, SCA3, 
HD, PD, AD 
Drosophila 
17984172 Branco et al. (2008), Hum Mol 
Genet. 17(3): 376-90 
SCA1, HD Drosophila 
17953484 Bilen J, Bonini NM. (2007), PLoS 
Genet, 3(10):1950-64. 
SCA3 Drosophila 
17500595 Kaltenbach et al. (2007), PLoS 
Genet, 3(5): e82 
HD Drosophila 
15806102 Giorgini et al. (2005), Nat Genet, 
37(5): 526-31 
HD S. cerevisae 
14657499 Willingham et al. (2003), Science, 
302(5651): 1769-72 
HD, PD S. cerevisae 
16794039 Cooper et al. (2006), Science, 
313(5785): 324-8 
PD S. cerevisae 
15084750 Nollen et al. (2004), PNAS, 101(17): 
6403-8 
HD C. elegans 
16469881 Gidalevitz et al. (2006), Science, 
311(5766): 1471-4 
HD C. elegans 
10624951 Cummings et al. (1999), Neuron, 24: 
879-892 
SCA1 Mouse 
11448943 Cummings et al. (2001), Hum Mol 
Genet, 1511-1518 
SCA1 Mouse 
11741393 Shahbazian et al. (2001), Neurobiol. 
Dis., 8: 974-981 
SCA1 Mouse 
9635424 Warrick et al. (1998), Cell, 93: 939-
949 
SCA3 Drosophila 
16525503 Boeddrich et al. (2006), EMBO J, 25: 
1547 
SCA3 Drosophila 
12486229 Faber et al. (2002), PNAS, 99: 17131 HD C. elegans 
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Pubmed ID Reference Disease Model 
11607033 Steffan et al. (2001), Nature, 413: 
739-743 
HD Drosophila 
    
16980958 Kitamura et al. (2006), Nature Cell 
Biology, 8: 1163 
HD Mammalian 
cells 
10710314 Kazemi-Esfariani and Benzer (2002), 
Science, 1837 
HD Drosophila 
12122205 Morley et al. (2002), PNAS, 99: 
10417-10422 
HD C. elegans 
 
The Linkage method was based on a set of gene predictions for AD, HD, PD, and ALS 
using the G2D tool [367]. G2D evaluated genes in the chromosomal region where the 
disease was mapped, prioritized them for a possible relation to the disease based on 
the phenotype of the disorder or their similarity to an already known related gene. If a 
phenotype was linked to several loci, known or inferred interactions between proteins 
from two loci were also taken. 
The Textmining1 method used information from the MEDLINE database to select genes 
related to AD, HD, PD, ALS and SCA1. An analysis of the links between the genes and 
the scientific abstracts can define the potential disease genes by checking if the articles 
mainly relate to the disease. The topic of each article is defined by its annotated MeSH 
terms. By linking the MEDLINE and the Entrez Gene databases it was possible to 
highlight the genes potentially involved in each disease. Over-representation of a 
disease in gene annotations was evaluated by a Fisher’s exact test. For instance, the 
APP gene (GeneID = 351) was linked to 680 articles, including 325 about Alzheimer’s 
disease (P-value = 6.892E-12). As no MeSH term was specifically dedicated to SCA1, 
a more general term was used to produce the results, e.g. “spinocerebellar ataxias”. 
The sub-score was a scaling of the returned P-value between 0 and 1. We selected P-
values below 0.005. The score equals 1 means that topics of articles related to a 
specific gene over-represented in at least one of the five NDs (AD, HD, PD, ALS and 
SCA1) with very high confidence. A score of 0 means no over-representation. 
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The EST method was based on an EST database to obtain evidence for gene 
expression in tissues from the nervous system. I used the GenBank database to select 
ESTs annotated to be expressed in the nervous system. EST tissue annotations were 
matched to relevant MeSH terms. I used all MeSH headers and synonymous terms 
which depend on “Nervous System” (MeSH term ID = A08) in the hierarchy. 
Assignment of ESTs to genes was done by similarity search (BLAT) on the human 
genome (GoldenPath). Only hits with high score and percentage of identity (BLAT 
score/qSize  95 and pid  95%) were selected. The sub-score was set to 1 when 
ESTs were selected, 0 otherwise. 
The Expression method was based on publically available microarray data sets of ND-
related human samples (Table 16). Each data set was background corrected with 
GCRMA and normalized by quantile scaling to extract differentially expressed genes 
between healthy controls and ND patients. There was no SCA1-related data set 
available in the NCBI GEO database. The score was a scaling of the minimal P-value 
between 0 and 1. I selected P-values below 0.005. A score of 1 means that a gene was 
considered differentially expressed with very high confidence, whereas a score of 0 
means no differential expression. 
Table 16: Publicly available microarray data sets from the NCBI GEO database 
NCBI GEO ID Pubmed ID Samples Disease Origin of samples 
GSE4757 16242812 20 AD Brain, entorhinal cortex 
GDS2601 16979800 28 AD Peripheral blood, mononuclear 
cells 
GDS2519 17215369 105 PD Whole blood 
GDS810 14769913 31 AD Brain, hippocampal CA1 region
GDS2821 17571925 25 PD Brain, substantia nigra 
GSE4595 17233347 20 ALS Brain, motor cortex 
GDS412 14645737 11 ALS Spinal cord, gray matter 
GDS1331 and 
GDS1332 
16043692 31 HD Peripheral blood 
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The Drugbank method was based on the DrugBank database [368], which is a 
bioinformatics and chemoinformatics resource that combines detailed drug data with 
comprehensive drug target information. At the time of download, the database 
contained app. 4,800 drug entries including more than 1,350 FDA-approved small 
molecules, 123 FDA-approved biotech (protein/peptide) drugs, 71 nutraceuticals and 
~3,243 experimental drugs. Additionally, more than 2,500 non-redundant protein 
sequences (i.e. drug targets) are linked to these FDA approved drug entries. For each 
gene, I have set a list of drugs which target the gene. The specificity of each drug 






Then, the final gene score was the maximum of observed scores of its related drugs. 
Low scores denoted weakly specific drugs, and high scores denoted very specific 
drugs. 
The DrugSE method derived a probability for two drugs to share a protein target using 
side effect similarity, integrated with their structural (2D) similarity [369]. It allows to 
reliably predict target sharing also for dissimilar drugs. It is known that the sequence 
similarity of the known targets of two drugs and the chemical similarity of drugs are 
molecular features that can be exploited to predict whether they share a target. The 
more similar the known targets of two drugs are the higher is the probability that they 
bind to the same protein. Similarly, the more similar two drugs are structurally the more 
likely is it that they bind to the same protein. Based on the scores (reliability that a drug 
is involved in one of the neurodegenerative diseases) the putatively involved genes 
were chosen. The sub-score was the maximal observed for each gene with the drugs. 
Scores were between 0 and 1. Scores were multiplied by the drug specificity (as 
defined in the Drugbank method). 
The TextDrugs method aimed to define a list of drugs related to NDs for each human 
gene by using text mining of MEDLINE abstracts. First, known drugs were scored for 
their association to a neurodegenerative disease by using MeSH terms. These scores 
were multiplied by the corresponding drug specificities. Then, by using DrugBank to 
identify drug targets, for each human protein-coding gene a list of ND-related drugs 
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was set. Additionally, a list of known ND drugs and related targets were used to select 
further targets (Table 17). The best drug-ND associations were first evaluated and 
selected by Fisher’s exact tests (P-values < 0.005). P-values were scaled from 0 (no 
association) to 1 (strong association). Scores were multiplied by the drug specificity. 
Then, the final gene score was the maximum of observed scores of its related ND 
drugs. 
Table 17: Known neurodegenerative disease-related drugs 
Disease Drug DrugBank ID
AD Memantine 4054 
AD Donepezil 3152 
AD Galantamine 3449 
AD Rivastigmine 5077 
PD Levodopa 836 
PD Carbidopa 2563 
PD Benserazide 2327 
PD Tolcapone 4659569 
PD Entacapone 4659568 
PD Bromocriptine 2443 
PD Pergolide 4745 
PD Pramipexole 4885 
PD Ropinirole 5095 
PD Cabergoline 2512 
PD Apomorphine 2215 
PD Lisuride 3938 
PD Salegiline 5195 
PD Rasagiline 122316 
ALS Riluzole 5070 
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The Textmining2 method used the Génie text mining algorithm to predict human 
protein-coding genes related to protein aggregation [370]. The training set was 
composed of abstracts related to protein aggregation from a PubMed query and 
compared to the rest of MEDLINE. The sub-score was a scaling of the P-value 
between 0 and 1. I selected 992 genes with at least one hit in its abstract list. 
Uncorrected P-values ranged from 10-5 to 15.5-158. A score equals to 1 stood for very 
high confidence, whereas a score of 0 meant no over-representation. 
The MaxUS method was based on genes derived with the Core1 and Core2 method 
and used the UniHI database to find interacting proteins and the STRING database to 
find functionally related genes [371-374]. The UniHI database was downloaded and the 
human genes were processed. Genes showing direct interactions with one or several 
Core1 or Core2 genes received the highest scores. A search in STRING was made for 
each Core1 gene and the 20 best candidates to be functionally related were selected 
for each gene. Text mining data was excluded and only Core2 genes with sub-score  
0.5 were used. 462 genes were mapped to unique Entrez GeneIDs. The overall score 
was the maximum between UniHI and STRING scores. The UniHI gene score took into 
account the number of related direct and indirect interactors within the Core1 and 
Core2 gene lists, and the STRING score depended on the number of interactors (Table 
18 and Table 19). 











5 1 83 83 1.0 
4 1 82 165 0.91 
3 1 211 376 0.82 
2 1 510 886 0.73 
1 1 1,581 2,467 0.64 
0 2 8,252 10,719 0.0 
0 3 1,698 12,417 0.0 
0 4 12,703 25,120 0.0 
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Table 19: Sub-score for interactions derived from the STRING databse 






The Aging method was based on genes differentially expressed between young (age  
42 years) and older (age  73 years) individuals from a gene list provided in a 
published study [375]. The method was used because the main risk factor to develop 
NDs is aging. Post-mortem samples from the frontal cortex of 30 individuals ranging in 
age from 26 to 106 were analysed using Affymetrix microarrays. The sub-score was a 
mapping of the provided p-values. A score of 1 was a p-value equal to 0 and a score of 
0.8 was a p-value equal to 0.01. Score 0 stood for no differential expression. 
 
4.2.5.2 Scoring of Y2H-based protein-protein interactions 
To assign confidence scores to Y2H derived protein-protein interactions, several com-
monly used sources of evidence were integrated into an overall score: 
1. Gene Ontology (GO) semantic similarity. FunSimMat scores were retrieved for 
each protein pair via the provided web service [376]. Only the GO categories 
“biological process” and “cellular component” were considered. 
2. Complementarity of protein domains. The number of potentially interacting 
domains of each protein pair were counted as indicated by the database DOMINE 
(version 2.0) [377, 378]. 
3. Co-expression. Co-expression of two proteins was assessed by calculating their 
topological overlap values in the GeneAtlas gene expression data set (16,742 
genes in 79 mainly normal tissue samples) [379] by weighted gene co-expression 
network analysis (WGCNA) using the WGCNA package of the statistical 
environment R [380, 381]. The topological overlap of two genes reflects their 
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relative interconnectedness based on the level of concordance between gene 
expression profiles (calculated by Pearson rank correlation). 
4. Number of orthologous interactions. The number of species in which 
orthologous pairs of proteins were observed to interact were retrieved from the 
database HomoMINT (release date: March 5, 2009) [382], I2D (release date: 
January 7, 2010) [383] and the data set from Lehner and Fraser (2004) [384]. 
5. Network distance. Two features were extracted from a large integrated network of 
known PPIs: the length of the shortest path between the two proteins and the 
number of edge-disjoint paths connecting them. 
To capture non-linear relations between the different features, a support vector 
machine (SVM) was used to predict whether a measured interaction was a true or a 
false positive one. The library LIBSVM (Library for Support Vector Machines ) was used 
to train an SVM to distinguish a known high-confidence PPI set (I selected the top 
4,203 interactions from a large integrated PPI network [385]) from an equally sized 
random interaction set. I used a RBF kernel and performed a grid search in 
combination with five-fold cross validation to determine the optimal hyperparameters 
(the kernel’s parameter  and the soft margin parameter C). I found C = 0.5 and  = 2 to 
perform best, showing an area under the ROC (Receiver Operating Characteristic) 
curve of 0.86. Missing values were replaced by the feature-specific median values of 
the training data in the training and experimental set. All features were scaled to the 
interval [-1,1]. The SVM decision function was used to categorize each interaction into 
two classes: high confidence (HC) and lower confidence (LC). The boundary of 0.1 was 
chosen arbitrarily. 
4.2.5.3 Computational analysis of PPI networks 
The software platform Cytoscape was used to visualize and analyze PPI networks 
[236]. To calculate network topology parameters including the diameter of the network, 
the average number of neighbours, the number of connected pairs of nodes, node 
degree, average clustering coefficients, and shortest path length the Cytoscape plugin 
“NetworkAnalyzer” was applied [229]. The Cytoscape plugin “BiNGO” and the tool 
“EASE” were deployed to identify over-represented Gene Ontology terms (BiNGO and 
EASE) and KEGG pathways (EASE) among a list of genes in comparison to the human 
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genome [386, 387]. BiNGO performs hypergeometric tests, whereas EASE calculates 
Fisher exact probabilities. I only considered categories with adjusted p-values < 0.05 
(adjusted with the Bonferroni method) as statistically significant.  
For the prediction of coiled-coil domains (CC) in amino acid sequences of modifier 
proteins the COILS program was used [388]. Only high probability CC sequences (0.8-
1) were considered. 
Intrinsically unstructured regions (IURs) of size greater than 30 were predicted with the 
program FoldIndex© using the default settings [389]. 
Neurodegenerative disease genes and other disease genes were identified by manual 
search of the OMIM database (http://omim.org) and of information found in GeneCards 
[390]. Similarly, genetic risk factors or susceptibility genes for neurodegenerative 
diseases were predicted by manual search of the OMIM database. Additionally, genetic 
modifiers associated to Alzheimer’s disease were obtained from the AlzGene database 
[391]. 
Genes were defined as drug targets if they could be mapped to entries in the DrugBank 
database [368, 392]. 
In a recent proteomics study, it was shown that, with age, several hundred proteins 
become insoluble in the multicellular organism C. elegans [393]. To identify 
aggregation-prone proteins encoded by the analyzed genes, the genes were mapped 
to their homologues in C. elegans using the HomoloGene database and then I 
compared them to the list of C. elegans proteins mentioned above. 
To identify known modulators of neurodegenerative disease protein (NDP) aggregation 
or toxicity among a list of genes, the genes were mapped to a list of 705 human genes, 
whose homologues altered NDP aggregation or toxicity in one of 21 large-scale studies 
in model organisms (Table 20). The model organism genes were mapped to the human 





130 Materials and Methods 
 










Blard et al. (2007), Hum. Mol. 
Genetics, 16(5), 555-566 
Drosophila 
melanogaster 
Ataxin 3, Tau 
Branco et al. (2008), Hum. Mol. 
Genetics, 17(3), 376-390 
Drosophila 
melanogaster 
Ataxin 1, ataxin 3, huntingtin 
Cooper et al. (2006), Science, 
313(5785), 324-328 
S. cerevisae -synuclein 





Fernandez-Funez et al. (2000), 





Ghosh and Feany (2004), Hum. Mol. 
Genetics, 13(18), 2011-2018 
Drosophila 
melanogaster 
Ataxin 1 ataxin 3, 
polyglutamine 
Giorgini et al. (2005), Nature 
Genetics, 37(5), 526-531 
S. cerevisae Huntingtin 
Gitler et al. (2009), Nature Genetics, 
41(3), 308-315 
S. cerevisae -synuclein 
Hamamichi et al. (2008), PNAS, 
105(2), 728-733 
C. elegans -synuclein 
Kaltenbach et al. (2007), PLoS 




Kraemer et al. (2006), Hum. Mol. 
Genetics, 15(9), 1483-1496 
C. elegans Tau 
Kuwahara et al. (2008), Hum. Mol. 
Genetics, 17(19), 2997-3009 
C. elegans -synuclein 





   





Nollen et al. (2004), PNAS, 
101(17), 6403-6408 
C. elegans Polyglutamine 





Van Ham et al. (2008), PLoS 
Genetics, 4(3), e1000027 
C. elegans -synuclein 
Wang et al. (2009), PLoS Genetics, 
5(1), e1000350 
C. elegans SOD1 
Willingham et al. (2003), Science, 
302(5651), 1769-1772 
S. cerevisae Huntingtin, -synuclein 
Yeger-Lotem et al. (2009), Nature 
Genetics, 41(3), 316-323 
S. cerevisae -synuclein 






































































































6622 SNCA synuclein, alpha (non A4 
component of amyloid 
precursor) 
2302.5 x   x   23
1 
4137 MAPT microtubule-associated 
protein tau 
2227.9 x  x    6 
351 APP amyloid beta (A4) 
precursor protein 
2200 x      42
9 
3064 HTT huntingtin 2177.5 x      95
5 
6310 ATXN1 ataxin 1 2173.5 x      36
7 
5071 PARK2 parkinson protein 2, E3 
ubiquitin protein ligase 
(parkin) 
2132.5 x      18
7 
6647 SOD1 superoxide dismutase 1, 
soluble 
2110 x      95
5663 PSEN1 presenilin 1 2103.3 x      27
11315 PARK7 parkinson protein 7 2075.9 x   x x x 20
9627 SNCAIP synuclein, alpha interac-
ting protein 
2029.2   x    n.s
. 
5664 PSEN2 presenilin 2 (Alzheimer 
disease 4) 
2006.2 x      36
7345 UCHL1 ubiquitin carboxyl-terminal 
esterase L1 (ubiquitin thi-
olesterase) 
1974.2 x  x    42
6311 ATXN2 ataxin 2 1960 x  x  x  13
65018 PINK1 PTEN induced putative 
kinase 1 
1956.4 x    x  11
5428 POLG polymerase (DNA direc-
ted), gamma 




1895    x   18
348 APOE apolipoprotein E 1870.9  x x x   36
120892 LRRK2 leucine-rich repeat kinase 
2 
1798.6 x  x    8 
23064 SETX senataxin 1711.9 x      4 

































































































23435 TARDBP TAR DNA binding protein 1693.3 x  x    25
6 
1639 DCTN1 dynactin 1 1658 x  x    67
9217 VAPB VAMP (vesicle-associated 
membrane protein)-
associated protein B and C
1653.4 x      5 
43 ACHE acetylcholinesterase 1610.5    x   n.s
. 
1813 DRD2 dopamine receptor D2 1577.5  x x x   n.s
. 
4744 NEFH neurofilament, heavy poly-
peptide 
1525.5   x  x  1 
4929 NR4A2 nuclear receptor subfamily 
4, group A, member 2 
1500       n.s
. 
57679 ALS2 amyotrophic lateral sclero-
sis 2 (juvenile) 
1500 x      10
2 A2M alpha-2-macroglobulin 1482.8   x x   54
773 CACNA1A calcium channel, voltage-
dependent, P/Q type, al-
pha 1A subunit 
1460 x   x   n.s
. 
1814 DRD3 dopamine receptor D3 1428.3    x   0 
116443 GRIN3A glutamate receptor, 
ionotropic, N-methyl-D-
aspartate 3A 
1402    x   n.s
. 
5582 PRKCG protein kinase C, gamma 1391.5 x      5 
2903 GRIN2A glutamate receptor, 
ionotropic, N-methyl D-
aspartate 2A 
1383.4   x x   n.s
. 
2904 GRIN2B glutamate receptor, 
ionotropic, N-methyl D-
aspartate 2B 
1380.7   x x   n.s
. 
1812 DRD1 dopamine receptor D1 1368.6    x   n.s
. 
27429 HTRA2 HtrA serine peptidase 2 1357.3 x  x    69
5621 PRNP prion protein 1330 x   x   2 
150 ADRA2A adrenergic, alpha-2A-, 
receptor 
1314.4    x   n.s
. 
57053 CHRNA10 cholinergic receptor, nico-
tinic, alpha 10 (neuronal) 
1300    x   n.s
. 
1135 CHRNA2 cholinergic receptor, nico-
tinic, alpha 2 (neuronal) 
1290  x  x   n.s
. 
































































































erythrocytic 2 . 
3357 HTR2B 5-hydroxytryptamine (sero-
tonin) receptor 2B, G pro-
tein-coupled 
1285.5    x   0 
26281 FGF20 fibroblast growth factor 20 1284.2       n.s
. 
1128 CHRM1 cholinergic receptor, mus-
carinic 1 
1256.4    x   1 
6314 ATXN7 ataxin 7 1250 x      n.s
. 
6653 SORL1 sortilin-related receptor, 
L(DLR class) A repeats 
containing 
1250   x    1 
1129 CHRM2 cholinergic receptor, mus-
carinic 2 
1231.8    x   0 
8973 CHRNA6 cholinergic receptor, nico-
tinic, alpha 6 (neuronal) 
1227.7       n.s
. 
2670 GFAP glial fibrillary acidic protein 1196.5 x    x  16
4 
2907 GRINA glutamate receptor, iono-
tropic, N-methyl D-
aspartate-associated pro-
tein 1 (glutamate binding) 
1195.7       n.s
. 
1145 CHRNE cholinergic receptor, nico-
tinic, epsilon (muscle) 
1182  x     n.s
. 
56652 C10orf2 chromosome 10 open 
reading frame 2 
1182 x      0 
1815 DRD4 dopamine receptor D4 1173.5  x x x   6 
5630 PRPH peripherin 1173.3   x    46
6336 SCN10A sodium channel, voltage-
gated, type X, alpha sub-
unit 
1140    x   n.s
. 
1621 DBH dopamine beta-
hydroxylase (dopamine 
beta-monooxygenase) 
1135.8  x  x   17
3358 HTR2C 5-hydroxytryptamine (sero-
tonin) receptor 2C, G pro-
tein-coupled 
1104.4    x   n.s
. 
323 APBB2 amyloid beta (A4) precur-
sor protein-binding, family 
B, member 2 
1097.3 x      10
3 
26058 GIGYF2 GRB10 interacting GYF 
protein 2 

































































































590 BCHE butyrylcholinesterase 1062   x x   0 
4846 NOS3 nitric oxide synthase 3 
(endothelial cell) 
1055.8   x x   42
2521 FUS fused in sarcoma 1050 x      31
4729 NDUFV2 NADH dehydrogenase 
(ubiquinone) flavoprotein 
2, 24kDa 
1038.7  x x x   84
25814 ATXN10 ataxin 10 1000 x      40
57338 JPH3 junctophilin 3 1000 x      22
1 
126 ADH1C alcohol dehydrogenase 1C 
(class I), gamma polypep-
tide 
993   x x   0 
25978 CHMP2B charged multivesicular 
body protein 2B 
982.8 x      n.s
. 
23345 SYNE1 spectrin repeat containing, 
nuclear envelope 1 
982.5 x      n.s
. 
54822 TRPM7 transient receptor potential 
cation channel, subfamily 
M, member 7 
981.2   x    n.s
. 
1816 DRD5 dopamine receptor D5 968.3  x  x   n.s
. 
2896 GRN granulin 959.9 x      27
0 
5521 PPP2R2B protein phosphatase 2, 
regulatory subunit B, beta 
959.5 x      n.s
. 
3708 ITPR1 inositol 1,4,5-trisphosphate 
receptor, type 1 
956.5 x    x  n.s
. 
4747 NEFL neurofilament, light poly-
peptide 
955.5  x     10
3 
1356 CP ceruloplasmin (ferroxida-
se) 
952.3 x   x   n.s
. 
2861 GPR37 G protein-coupled receptor 
37 (endothelin receptor 
type B-like) 
940.3       16
642 BLMH bleomycin hydrolase 928.7   x    5 
283 ANG angiogenin, ribonuclease, 
RNase A family, 5 
921.6 x   x   n.s
. 
4311 MME membrane metallo-
endopeptidase 
918.9    x   0 
55775 TDP1 tyrosyl-DNA phospho-
diesterase 1 
































































































1636 ACE angiotensin I converting 
enzyme (peptidyl-
dipeptidase A) 1 
906.2  x x x   n.s
. 
1020 CDK5 cyclin-dependent kinase 5 902.9    x   7 
3748 KCNC3 potassium voltage-gated 
channel, Shaw-related 
subfamily, member 3 
895.6 x      n.s
. 
146057 TTBK2 tau tubulin kinase 2 890.6 x    x  3 
146 ADRA1D adrenergic, alpha-1D-, 
receptor 
887.5    x   n.s
. 
2534 FYN FYN oncogene related to 
SRC, FGR, YES 
865.1    x   3 
815 CAMK2A calcium/calmodulin-
dependent protein kinase 
II alpha 
862.5       6 
4353 MPO myeloperoxidase 857.4   x x   1 
6620 SNCB synuclein, beta 851.7 x      5 
5328 PLAU plasminogen activator, 
urokinase 
849.1   x x   n.s
. 
2932 GSK3B glycogen synthase kinase 
3 beta 
843.1   x x x  n.s
. 
596 BCL2 B-cell CLL/lymphoma 2 835.2    x   n.s
. 
836 CASP3 caspase 3, apoptosis-
related cysteine peptidase 
835.1    x   1 
3356 HTR2A 5-hydroxytryptamine (sero-
tonin) receptor 2A, G pro-
tein-coupled 
834.7    x   0 
26353 HSPB8 heat shock 22kDa protein 
8 
817.2  x     n.s
. 




813.4    x   14
5413 SEPT5 septin 5 812.4       8 
4128 MAOA monoamine oxidase A 803  x  x   1 
3312 HSPA8 heat shock 70kDa protein 
8 
790.2     x x 0 
322 APBB1 amyloid beta (A4) precur-
sor protein-binding, family 
B, member 1 (Fe65) 
































































































6532 SLC6A4 solute carrier family 6 
(neurotransmitter trans-
porter, serotonin), member 
4 
783.8  x  x   n.s
. 
4035 LRP1 low density lipoprotein 
receptor-related protein 1 
782.7   x x   2 
3553 IL1B interleukin 1, beta 779  x x x   n.s
. 
26994 RNF11 ring finger protein 11 777.3       23
4 
5300 PIN1 peptidylprolyl cis/trans 
isomerase, NIMA-
interacting 1 
771.7       n.s
. 
7314 UBB ubiquitin B 771.7  x     3 
7276 TTR transthyretin 766  x  x   58
4287 ATXN3 ataxin 3 750 x  x    10
2 
25894 PLEKHG4 pleckstrin homology do-
main containing, family G 
(with RhoGef domain) 
member 4 
750   x    n.s
. 
1509 CTSD cathepsin D 746.5 x   x  x 23
23621 BACE1 beta-site APP-cleaving 
enzyme 1 
744.8    x   6 
3315 HSPB1 heat shock 27kDa protein 
1 
739.7  x     21
2 
2908 NR3C1 nuclear receptor subfamily 
3, group C, member 1 
(glucocorticoid receptor) 
736.8    x   3 
12 SERPINA3 serpin peptidase inhibitor, 
clade A (alpha-1 
antiproteinase, antitrypsin), 
member 3 
735.6   x    4 
7422 VEGFA vascular endothelial 
growth factor A 
735.1   x x   n.s
. 
22948 CCT5 chaperonin containing 
TCP1, subunit 5 (epsilon) 
720.3  x   x x 37
1410 CRYAB crystallin, alpha B 719.5  x   x  10




protein, zeta polypeptide 

































































































23400 ATP13A2 ATPase type 13A2 712.3 x    x  n.s
. 
5376 PMP22 peripheral myelin protein 
22 
710  x     17
1 
3416 IDE insulin-degrading enzyme 707.5   x x   n.s
. 
51107 APH1A anterior pharynx defective 
1 homolog A (C. elegans) 
706.7       3 
3688 ITGB1 integrin, beta 1 (fibronectin 
receptor, beta polypeptide, 
antigen CD29 includes 
MDF2, MSK12) 
705.5      x 2 
23385 NCSTN nicastrin 705   x    0 
6571 SLC18A2 solute carrier family 18 
(vesicular monoamine), 
member 2 
700    x   1 
538 ATP7A ATPase, Cu++ transport-
ing, alpha polypeptide 
697.1 x    x  n.s
. 
5189 PEX1 peroxisomal biogenesis 
factor 1 
690 x      43
55851 PSENEN presenilin enhancer 2 ho-
molog (C. elegans) 
682.5       2 
102 ADAM10 ADAM metallopeptidase 
domain 10 
670.9   x    n.s
. 
367 AR androgen receptor 662.6 x   x   n.s
. 
627 BDNF brain-derived neurotrophic 
factor 
660  x x    46
4129 MAOB monoamine oxidase B 660   x x   0 




660 x   x   n.s
. 
4803 NGF nerve growth factor (beta 
polypeptide) 
657.7  x  x   3 
875 CBS cystathionine-beta-
synthase 
656.9  x  x   8 
5594 MAPK1 mitogen-activated protein 
kinase 1 
655.7    x   n.s
. 
7804 LRP8 low density lipoprotein 
receptor-related protein 8, 
apolipoprotein e receptor 
652.2       10
































































































protein 2 . 
23095 KIF1B kinesin family member 1B 640.7  x     30
3 
207 AKT1 v-akt murine thymoma viral 
oncogene homolog 1 
632.5  x  x   13
4540 ND5 NADH dehydrogenase 
subunit 5 




632.3   x x  x 16
1861 TOR1A torsin family 1, member A 
(torsin A) 
632.1  x   x  48
10273 STUB1 STIP1 homology and U-
box containing protein 1, 
E3 ubiquitin protein ligase 
628.8     x  11
2259 FGF14 fibroblast growth factor 14 628.7 x      2 
1137 CHRNA4 cholinergic receptor, nico-
tinic, alpha 4 (neuronal) 
627.5  x  x   5 
540 ATP7B ATPase, Cu++ transport-
ing, beta polypeptide 
621.4  x     n.s
. 
59269 HIVEP3 human immunodeficiency 
virus type I enhancer bind-
ing protein 3 
620.3       n.s
. 
7466 WFS1 Wolfram syndrome 1 
(wolframin) 
617.9  x     49
7 
22976 PAXIP1 PAX interacting (with tran-
scription-activation do-
main) protein 1 
617.9   x    1 






616.4     x  n.s
. 
4723 NDUFV1 NADH dehydrogenase 
(ubiquinone) flavoprotein 
1, 51kDa 
614 x   x   20
3320 HSP90AA1 heat shock protein 90kDa 
alpha (cytosolic), class A 
member 1 
613.9    x x  15

































































































8518 IKBKAP inhibitor of kappa light 
polypeptide gene enhan-
cer in B-cells, kinase com-
plex-associated protein 
600.7  x     n.s
. 
9479 MAPK8IP1 mitogen-activated protein 
kinase 8 interacting protein 
1 
600.4  x     n.s
. 
857 CAV1 caveolin 1, caveolae prote-
in, 22kDa 
595.7  x     1 
22883 CLSTN1 calsyntenin 1 595.2       13
5631 PRPS1 phosphoribosyl py-
rophosphate synthetase 1 
591  x     12
5 
3091 HIF1A hypoxia inducible factor 1, 
alpha subunit (basic helix-
loop-helix transcription 
factor) 
590.3       n.s
. 
6383 SDC2 syndecan 2 588.8    x   6 
79800 ALS2CR8 amyotrophic lateral sclero-
sis 2 (juvenile) chromo-
some region, candidate 8 
587.3   x    5 
5264 PHYH phytanoyl-CoA 2-
hydroxylase 
586.9 x   x   16
2246 FGF1 fibroblast growth factor 1 
(acidic) 
580.1    x   n.s
. 
142 PARP1 poly (ADP-ribose) polyme-
rase 1 
577.8    x   n.s
. 
7248 TSC1 tuberous sclerosis 1 577.5  x     67
4000 LMNA lamin A/C 576.3  x     74
498 ATP5A1 ATP synthase, H+ trans-
porting, mitochondrial F1 
complex, alpha subunit 1, 
cardiac muscle 
574.7     x  3 
1499 CTNNB1 catenin (cadherin-
associated protein), beta 
1, 88kDa 
574.4  x  x x  n.s
. 
5414 SEPT4 septin 4 570.8       n.s
. 
1272 CNTN1 contactin 1 569.6  x     n.s
. 
5579 PRKCB1 protein kinase C, beta 565.1    x   3 
7317 UBA1 ubiquitin-like modifier acti-
vating enzyme 1 
560 x    x x 3 
































































































443 ASPA aspartoacylase 557.5 x   x   5 
2629 GBA glucosidase, beta, acid 550.1  x x x   13
120 ADD3 adducin 3 (gamma) 550     x  n.s
. 
9896 FIG4 FIG4 homolog, SAC1 lipid 
phosphatase domain con-
taining (S. cerevisiae) 
550 x      n.s
. 
10397 NDRG1 N-myc downstream regula-
ted 1 
550  x     15
56997 CABC1 aarF domain containing 
kinase 3 
550 x      29
1576 CYP3A4 cytochrome P450, family 
3, subfamily A, polypeptide 
4 
549.8    x   4 
4524 MTHFR methylenetetrahydrofolate 
reductase (NAD(P)H) 
549.7  x  x   n.s
. 
6607 SMN2 survival of motor neuron 2, 
centromeric 
549.4 x  x    37
5175 PECAM1 platelet/endothelial cell 
adhesion molecule 1 
549       79
7431 VIM vimentin 548.2       47
3706 ITPKA inositol-trisphosphate 3-
kinase A 
547.9    x   n.s
. 
5337 PLD1 phospholipase D1, 
phosphatidylcholine-
specific 
545.6    x   9 
3074 HEXB hexosaminidase B (beta 
polypeptide) 
545.5 x   x   25
7450 VWF von Willebrand factor 543.7  x  x   4 
58 ACTA1 actin, alpha 1, skeletal 
muscle 
541.6  x  x   8 
7249 TSC2 tuberous sclerosis 2 540.5  x     n.s
. 
9001 HAP1 huntingtin-associated pro-
tein 1 
537.7   x    n.s
. 
4359 MPZ myelin protein zero 537  x     7 
3251 HPRT1 hypoxanthine phosphori-
bosyltransferase 1 
535  x  x   0 

































































































1161 ERCC8 excision repair cross-
complementing rodent 
repair deficiency, comple-
mentation group 8 
532.5  x     5 
2074 ERCC6 excision repair cross-
complementing rodent 
repair deficiency, comple-
mentation group 6 
532.5  x     n.s
. 
8898 MTMR2 myotubularin related prote-
in 2 
532.5  x     n.s
. 
6843 VAMP1 vesicle-associated mem-
brane protein 1 (synapto-
brevin 1) 
532.3    x   2 
4741 NEFM neurofilament, medium 
polypeptide 
531.8       n.s
. 
1268 CNR1 cannabinoid receptor 1 
(brain) 
530.9    x   n.s
. 
9516 LITAF lipopolysaccharide-
induced TNF factor 
530  x     24
6285 S100B S100 calcium binding pro-
tein B 
528.8    x   25
2099 ESR1 estrogen receptor 1 527.9    x   3 
5868 RAB5A RAB5A, member RAS 
oncogene family 
526.6       17
3303 HSPA1A heat shock 70kDa protein 
1A 
522.3    x x  1 
478 ATP1A3 ATPase, Na+/K+ trans-
porting, alpha 3 polypep-
tide 
519.4  x   x x 17
6646 SOAT1 sterol O-acyltransferase 1 517.8    x   n.s
. 
3093 UBE2K ubiquitin-conjugating en-
zyme E2K 
517.6       61
3329 HSPD1 heat shock 60kDa protein 
1 (chaperonin) 
516.4  x    x 14
5590 PRKCZ protein kinase C, zeta 515.9       n.s
. 
54205 CYCS cytochrome c, somatic 515.1  x  x   23
6272 SORT1 sortilin 1 514.2       1 
3028 HSD17B10 hydroxysteroid (17-beta) 
dehydrogenase 10 
514  x  x  x n.s
. 
2554 GABRA1 gamma-aminobutyric acid 
(GABA) A receptor, alpha 


































































































55660 PRPF40A PRP40 pre-mRNA proc-
essing factor 40 homolog 
A (S. cerevisiae) 
513       13
3 
213 ALB albumin 511.2    x   7 
6750 SST somatostatin 511    x   n.s
. 
1180 CLCN1 chloride channel 1, skele-
tal muscle 
510  x     n.s
. 
1760 DMPK dystrophia myotonica-
protein kinase 
510  x     n.s
. 
3092 HIP1 huntingtin interacting pro-
tein 1 
510       76
4763 NF1 neurofibromin 1 510  x     n.s
. 
5191 PEX7 peroxisomal biogenesis 
factor 7 
510 x      6 
23636 NUP62 nucleoporin 62kDa 510 x    x  n.s
. 
55670 PEX26 peroxisomal biogenesis 
factor 26 
510 x      36
1139 CHRNA7 cholinergic receptor, nico-
tinic, alpha 7 (neuronal) 
509.5    x x  10
3920 LAMP2 lysosomal-associated 
membrane protein 2 
507.5       25
8 
1644 DDC dopa decarboxylase 
(aromatic L-amino acid 
decarboxylase) 
505  x  x   n.s
. 
1114 CHGB chromogranin B (secre-
togranin 1) 
502.8       n.s
. 
3949 LDLR low density lipoprotein 
receptor 
501.7  x  x   n.s
. 
10915 TCERG1 transcription elongation 
regulator 1 
501.1     x  n.s
. 
1785 DNM2 dynamin 2 500.8  x   x  12
4 
839 CASP6 caspase 6, apoptosis-
related cysteine peptidase 
500       21
2 
2263 FGFR2 fibroblast growth factor 
receptor 2 
494.3  x  x   n.s
. 
84570 COL25A1 collagen, type XXV, alpha 
1 
































































































885 CCK cholecystokinin 491.1    x   61
5901 RAN RAN, member RAS onco-
gene family 
490.4     x x 13
5 
51100 SH3GLB1 SH3-domain GRB2-like 
endophilin B1 
488.8       13
0 




487.7     x x 23
3163 HMOX2 heme oxygenase (decyc-
ling) 2 
487.6    x   39
3309 HSPA5 heat shock 70kDa protein 
5 (glucose-regulated pro-
tein, 78kDa) 
485.2    x x x 9 
5580 PRKCD protein kinase C, delta 482.8       1 
5520 PPP2R2A protein phosphatase 2, 
regulatory subunit B, alpha
480.9       3 
1471 CST3 cystatin C 478.4  x     n.s
. 
9973 CCS copper chaperone for su-
peroxide dismutase 
478.3       n.s
. 




protein, beta polypeptide 
477.7     x  14
3 
5730 PTGDS prostaglandin D2 synthase 
21kDa (brain) 
476.9     x  n.s
. 
3265 HRAS v-Ha-ras Harvey rat sar-
coma viral oncogene ho-
molog 
476  x  x   11
7 
29979 UBQLN1 ubiquilin 1 475.3       13
9 
2261 FGFR3 fibroblast growth factor 
receptor 3 
475.2  x  x   33
1 
2905 GRIN2C glutamate receptor, 
ionotropic, N-methyl D-
aspartate 2C 
475    x   12
3 
10558 SPTLC1 serine palmitoyltrans-
ferase, long chain base 
subunit 1 
474.9  x  x   13
320 APBA1 amyloid beta (A4) precur-
sor protein-binding, family 

































































































A, member 1 
834 CASP1 caspase 1, apoptosis-
related cysteine peptidase 
(interleukin 1, beta, 
convertase) 
471    x   3 
2247 FGF2 fibroblast growth factor 2 
(basic) 
470.4    x   n.s
. 
9093 DNAJA3 DnaJ (Hsp40) homolog, 
subfamily A, member 3 
469       n.s
. 
821 CANX calnexin 468    x   n.s
. 
1103 CHAT choline O-
acetyltransferase 
467.5  x  x   11
3 
4792 NFKBIA nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells inhibi-
tor, alpha 
466.9  x     n.s
. 
154 ADRB2 adrenergic, beta-2, recep-
tor, surface 
466    x   26
6197 RPS6KA3 ribosomal protein S6 kina-
se, 90kDa, polypeptide 3 
465.5  x     23
2776 GNAQ guanine nucleotide binding 
protein (G protein), q poly-
peptide 
462.3       n.s
. 
26092 TOR1AIP1 torsin A interacting protein 
1 
460.9       9 
6950 TCP1 t-complex 1 460     x x 8 
10204 NUTF2 nuclear transport factor 2 460     x x n.s
. 
378465 HSN2 hereditary sensory neu-
ropathy, type II 
460       n.s
. 
2934 GSN gelsolin 459.4  x     21
8 
1191 CLU clusterin 457.7   x    n.s
. 
4043 LRPAP1 low density lipoprotein 
receptor-related protein 
associated protein 1 
456.8       n.s
. 
5045 FURIN furin (paired basic amino 
acid cleaving enzyme) 





































































































455      x 77
5923 RASGRF1 Ras protein-specific gua-
nine nucleotide-releasing 
factor 1 
455       n.s
. 
811 CALR calreticulin 454.1    x  x 77
3339 HSPG2 heparan sulfate proteogly-
can 2 
453.5  x  x   n.s
. 
7159 TP53BP2 tumor protein p53 binding 
protein, 2 
453       7 
1457 CSNK2A1 casein kinase 2, alpha 1 
polypeptide 
452.7    x x x 1 
999 CDH1 cadherin 1, type 1, E-
cadherin (epithelial) 
451.7  x     30
1200 TPP1 tripeptidyl peptidase I 450 x      11
347 APOD apolipoprotein D 450       n.s
. 
9976 CLEC2B C-type lectin domain family 
2, member B 
450       1 
114908 TMEM123 transmembrane protein 
123 
450       8 
140609 NEK7 NIMA (never in mitosis 
gene a)-related kinase 7 
450       78
2906 GRIN2D glutamate receptor, 
ionotropic, N-methyl D-
aspartate 2D 
449    x   n.s
. 
7048 TGFBR2 transforming growth factor, 
beta receptor II (70/80kDa)
445.9  x  x   75
6261 RYR1 ryanodine receptor 1 (ske-
letal) 




444.8       15
475 ATOX1 ATX1 antioxidant protein 1 
homolog (yeast) 
444.5    x   47
9445 ITM2B integral membrane protein 
2B 
441.2 x      2 
7054 TH tyrosine hydroxylase 440.8  x  x   n.s
. 
301 ANXA1 annexin A1 440.5    x   5 
































































































476 ATP1A1 ATPase, Na+/K+ trans-
porting, alpha 1 polypep-
tide 
439.2    x   n.s
. 
3362 HTR6 5-hydroxytryptamine (sero-
tonin) receptor 6, G pro-
tein-coupled 
439.1    x   n.s
. 
4478 MSN moesin 438.6      x n.s
. 
8851 CDK5R1 cyclin-dependent kinase 5, 
regulatory subunit 1 (p35) 
437.5     x  20
983 CDC2 cyclin-dependent kinase 1 437.4    x   3 
823 CAPN1 calpain 1, (mu/I) large 
subunit 
436.7    x   1 
5243 ABCB1 ATP-binding cassette, sub-
family B (MDR/TAP), 
member 1 
436.2    x   n.s
. 
2395 FXN frataxin 435.5 x      11
3861 KRT14 keratin 14 435.5  x     n.s
. 
1392 CRH corticotropin releasing 
hormone 
434.6    x   1 
908 CCT6A chaperonin containing 
TCP1, subunit 6A (zeta 1) 
434.2      x 6 
22978 NT5C2 5'-nucleotidase, cytosolic II 433.4    x   n.s
. 
4131 MAP1B microtubule-associated 
protein 1B 
433.2       n.s
. 
1080 CFTR cystic fibrosis transmem-
brane conductance regula-
tor (ATP-binding cassette 
sub-family C, member 7) 
432.9  x  x   n.s
. 
334 APLP2 amyloid beta (A4) precur-
sor-like protein 2 
432.5       3 
5886 RAD23A RAD23 homolog A (S. 
cerevisiae) 
432.5     x x 24
26003 GORASP2 golgi reassembly stacking 
protein 2, 55kDa 
432.5       10
6812 STXBP1 syntaxin binding protein 1 432.1  x     n.s
. 
1996 ELAVL4 ELAV (embryonic lethal, 
abnormal vision, Drosophi-
la)-like 4 (Hu antigen D) 
































































































2902 GRIN1 glutamate receptor, 
ionotropic, N-methyl D-
aspartate 1 
430.9    x   n.s
. 
871 SERPINH1 serpin peptidase inhibitor, 
clade H (heat shock pro-
tein 47), member 1, (colla-
gen binding protein 1) 
430       38
6856 SYPL1 synaptophysin-like 1 430       n.s
. 
10134 BCAP31 B-cell receptor-associated 
protein 31 
429.4       7 
8601 RGS20 regulator of G-protein sig-
naling 20 
429.1       n.s
. 
321 APBA2 amyloid beta (A4) precur-
sor protein-binding, family 
A, member 2 
428.7       n.s
. 
1453 CSNK1D casein kinase 1, delta 428.7       4 
5870 RAB6A RAB6A, member RAS 
oncogene family 
427.9       3 
5566 PRKACA protein kinase, cAMP-
dependent, catalytic, alpha
427.7       33
116444 GRIN3B glutamate receptor, 
ionotropic, N-methyl-D-
aspartate 3B 
426.5    x   n.s
. 
2697 GJA1 gap junction protein, alpha 
1, 43kDa 
426  x  x   4 
23468 CBX5 chromobox homolog 5 425.6       20
1141 CHRNB2 cholinergic receptor, nico-
tinic, beta 2 (neuronal) 
424.9  x  x   n.s
. 
11140 CDC37 cell division cycle 37 ho-
molog (S. cerevisiae) 
424.9       n.s
. 
3350 HTR1A 5-hydroxytryptamine (sero-
tonin) receptor 1A, G pro-
tein-coupled 
424.3    x   n.s
. 
7415 VCP valosin containing protein 424.2 x    x x 2 
79705 LRRK1 leucine-rich repeat kinase 
1 
424.2       1 
780 DDR1 discoidin domain receptor 
tyrosine kinase 1 
424    x   n.s
. 
8565 YARS tyrosyl-tRNA synthetase 423.7  x  x   18
573 BAG1 BCL2-associated athano-
gene 

































































































1287 COL4A5 collagen, type IV, alpha 5 423.2  x   x x n.s
. 
5825 ABCD3 ATP-binding cassette, sub-
family D (ALD), member 3 
422.8 x      5 
887 CCKBR cholecystokinin B receptor 421.8    x   n.s
. 
2783 GNB2 guanine nucleotide binding 
protein (G protein), beta 
polypeptide 2 
421.3       24
5950 RBP4 retinol binding protein 4, 
plasma 
421    x   n.s
. 
9788 MTSS1 metastasis suppressor 1 420.5       n.s
. 
4217 MAP3K5 mitogen-activated protein 
kinase kinase kinase 5 
419.9       2 
4842 NOS1 nitric oxide synthase 1 
(neuronal) 
419.1   x x   n.s
. 
203068 TUBB tubulin, beta class I 418.7    x x x 4 
60 ACTB actin, beta 418.2  x   x  1 
4843 NOS2A nitric oxide synthase 2, 
inducible 
417.8    x   n.s
. 
5538 PPT1 palmitoyl-protein thioeste-
rase 1 
417.4  x     8 
6421 SFPQ splicing factor 
proline/glutamine-rich 
416.7       n.s
. 
5295 PIK3R1 phosphoinositide-3-kinase, 
regulatory subunit 1 (al-
pha) 
414.1    x   21
5728 PTEN phosphatase and tensin 
homolog 
413.8  x   x  n.s
. 
6850 SYK spleen tyrosine kinase 412.9    x   17
10048 RANBP9 RAN binding protein 9 412.5       n.s
. 
841 CASP8 caspase 8, apoptosis-
related cysteine peptidase 
411.8  x     3 
333 APLP1 amyloid beta (A4) precur-
sor-like protein 1 
410       1 
1409 CRYAA crystallin, alpha A 410  x     10
2 
1654 DDX3X DEAD (Asp-Glu-Ala-Asp) 
box polypeptide 3, X-linked
































































































1780 DYNC1I1 dynein, cytoplasmic 1, 
intermediate chain 1 
410       2 
1822 ATN1 atrophin 1 410 x      11
5 
1993 ELAVL2 ELAV (embryonic lethal, 
abnormal vision, Drosophi-
la)-like 2 (Hu antigen B) 
410       2 
3189 HNRNPH3 heterogeneous nuclear 
ribonucleoprotein H3 (2H9)
410       3 
3337 DNAJB1 DnaJ (Hsp40) homolog, 
subfamily B, member 1 
410       8 
3707 ITPKB inositol-trisphosphate 3-
kinase B 
410       0 
3765 KCNJ9 potassium inwardly-
rectifying channel, subfam-
ily J, member 9 
410       n.s
. 
4139 MARK1 MAP/microtubule affinity-
regulating kinase 1 
410       n.s
. 
5058 PAK1 p21 protein (Cdc42/Rac)-
activated kinase 1 
410       29
5260 PHKG1 phosphorylase kinase, 
gamma 1 (muscle) 
410       n.s
. 
5962 RDX radixin 410  x     35
6595 SMARCA2 SWI/SNF related, matrix 
associated, actin depend-
ent regulator of chromatin, 
subfamily a, member 2 
410       n.s
. 
6879 TAF7 TAF7 RNA polymerase II, 
TATA box binding protein 
(TBP)-associated factor, 
55kDa 
410       3 
7050 TGIF1 TGFB-induced factor ho-
meobox 1 
410  x   x  3 
7337 UBE3A ubiquitin protein ligase 
E3A 
410  x     1 









































































































10418 SPON1 spondin 1, extracellular 
matrix protein 
410       n.s
. 
10611 PDLIM5 PDZ and LIM domain 5 410       6 
10755 GIPC1 GIPC PDZ domain con-
taining family, member 1 
410     x  37
10923 SUB1 SUB1 homolog (S. cerevi-
siae) 
410     x  4 
11051 NUDT21 nudix (nucleoside diphos-
phate linked moiety X)-
type motif 21 
410     x  n.s
. 
22882 ZHX2 zinc fingers and homeobo-
xes 2 
410       3 
25801 GCA grancalcin, EF-hand calci-
um binding protein 
410     x  n.s
. 
25825 BACE2 beta-site APP-cleaving 
enzyme 2 
410       19
55062 WIPI1 WD repeat domain, phos-
phoinositide interacting 1 
410       3 
81628 TSC22D4 TSC22 domain family, 
member 4 
410       n.s
. 
221037 JMJD1C jumonji domain containing 
1C 
410       n.s
. 
9846 GAB2 GRB2-associated binding 
protein 2 
409.6       5 
2911 GRM1 glutamate receptor, meta-
botropic 1 
409.4    x   n.s
. 
7157 TP53 tumor protein p53 409.1  x     n.s
. 
121512 FGD4 FYVE, RhoGEF and PH 
domain containing 4 
409  x     n.s
. 
9927 MFN2 mitofusin 2 408.4  x     n.s
. 
80025 PANK2 pantothenate kinase 2 407.8 x      11
1778 DYNC1H1 dynein, cytoplasmic 1, 
heavy chain 1 
407     x  48
4725 NDUFS5 NADH dehydrogenase 
(ubiquinone) Fe-S protein 
5, 15kDa (NADH-
coenzyme Q reductase) 
407    x   4 
87 ACTN1 actinin, alpha 1 406.4      x n.s
. 

































































































64374 SIL1 SIL1 homolog, endoplas-
mic reticulum chaperone 
(S. cerevisiae) 
405.4  x     n.s
. 
5653 KLK6 kallikrein-related peptidase 
6 
404.9    x   16
6 
30818 KCNIP3 Kv channel interacting 
protein 3, calsenilin 
404.8       9 
2162 F13A1 coagulation factor XIII, A1 
polypeptide 
404.5  x  x   26
3301 DNAJA1 DnaJ (Hsp40) homolog, 
subfamily A, member 1 
404.4     x x n.s
. 
1387 CREBBP CREB binding protein 402.5  x   x  n.s
. 
189 AGXT alanine-glyoxylate ami-
notransferase 
399.3  x  x   n.s
. 
23390 ZDHHC17 zinc finger, DHHC-type 
containing 17 
399.3       2 
5742 PTGS1 prostaglandin-




397.5    x   4 
6457 SH3GL3 SH3-domain GRB2-like 3 397.4     x  5 
9588 PRDX6 peroxiredoxin 6 397.3       4 
5327 PLAT plasminogen activator, 
tissue 
397.1  x  x   0 
5354 PLP1 proteolipid protein 1 397.1  x     7 
23358 USP24 ubiquitin specific peptidase 
24 
396.8       0 
2805 GOT1 glutamic-oxaloacetic 
transaminase 1, soluble 
(aspartate aminotrans-
ferase 1) 
396.6    x x  0 
6623 SNCG synuclein, gamma (breast 
cancer-specific protein 1) 
396.3       0 
3737 KCNA2 potassium voltage-gated 
channel, shaker-related 
subfamily, member 2 
396.1       0 
5034 P4HB prolyl 4-hydroxylase, beta 
polypeptide 
395.7    x x x 20
7879 RAB7A RAB7A, member RAS 
oncogene family 
































































































10210 TOPORS topoisomerase I binding, 
arginine/serine-rich, E3 
ubiquitin protein ligase 
392.7  x     n.s
. 
2617 GARS glycyl-tRNA synthetase 392.5  x  x  x 6 
7388 UQCRH ubiquinol-cytochrome c 
reductase hinge protein 
390.5       n.s
. 
7374 UNG uracil-DNA glycosylase 390  x     1 
10972 TMED10 transmembrane emp24-
like trafficking protein 10 
(yeast) 
390       0 
11069 RAPGEF4 Rap guanine nucleotide 
exchange factor (GEF) 4 
390     x  5 
11129 SFRS16 CLK4-associating ser-
ine/arginine rich protein 
390       1 
26471 NUPR1 nuclear protein, transcrip-
tional regulator, 1 
390       3 
6767 ST13 suppression of tumori-
genicity 13 (colon carci-
noma) (Hsp70 interacting 
protein) 
389.4      x 8 
1956 EGFR epidermal growth factor 
receptor 
389.2    x   0 
2035 EPB41 erythrocyte membrane 
protein band 4.1 (elliptocy-
tosis 1, RH-linked) 
388.8  x     2 
57449 PLEKHG5 pleckstrin homology do-
main containing, family G 
(with RhoGef domain) 
member 5 
388.1 x      n.s
. 
9611 NCOR1 nuclear receptor corepres-
sor 1 
387.3       7 
840 CASP7 caspase 7, apoptosis-
related cysteine peptidase 
386.4    x   3 
5828 PXMP3 peroxisomal biogenesis 
factor 2 
386.2 x    x  n.s
. 
10574 CCT7 chaperonin containing 
TCP1, subunit 7 (eta) 
386.2     x  5 
6566 SLC16A1 solute carrier family 16, 
member 1 (monocarbox-
ylic acid transporter 1) 
385.9  x  x   4 
4697 NDUFA4 NADH dehydrogenase 
(ubiquinone) 1 alpha sub-
































































































complex, 4, 9kDa 
23268 DNMBP dynamin binding protein 384.4     x  1 
2931 GSK3A glycogen synthase kinase 
3 alpha 
384.3       n.s
. 
6301 SARS seryl-tRNA synthetase 383.9    x  x 27
10133 OPTN optineurin 382.7 x      17
3 
4535 ND1 NADH dehydrogenase 
subunit 1 
382.5 x      n.s
. 
3306 HSPA2 heat shock 70kDa protein 
2 
381.2     x  57
4716 NDUFB10 NADH dehydrogenase 
(ubiquinone) 1 beta sub-
complex, 10, 22kDa 
379    x x  4 
2475 FRAP1 mechanistic target of ra-
pamycin (serine/threonine 
kinase) 
378    x x  n.s
. 
7846 TUBA1A tubulin, alpha 1a 377.8  x  x x x 2 
2280 FKBP1A FK506 binding protein 1A, 
12kDa 
377.3    x   73
4067 LYN v-yes-1 Yamaguchi sar-
coma viral related onco-
gene homolog 
376.8       2 
4204 MECP2 methyl CpG binding pro-
tein 2 (Rett syndrome) 
376.7  x     34
2782 GNB1 guanine nucleotide binding 
protein (G protein), beta 
polypeptide 1 
375.9       2 
8878 SQSTM1 sequestosome 1 374.5  x     8 
4071 TM4SF1 transmembrane 4 L six 
family member 1 
374.4       3 
2081 ERN1 endoplasmic reticulum to 
nucleus signaling 1 
372.5       36
1968 EIF2S3 eukaryotic translation ini-
tiation factor 2, subunit 3 
gamma, 52kDa 
372.1     x  28
3297 HSF1 heat shock transcription 
factor 1 
371.6     x  11
8766 RAB11A RAB11A, member RAS 
oncogene family 
370.1     x  4 
5999 RGS4 regulator of G-protein sig-
naling 4 
































































































7153 TOP2A topoisomerase (DNA) II 
alpha 170kDa 
369.4    x x  n.s
. 
5053 PAH phenylalanine hydroxylase 369.2  x  x   0 
335 APOA1 apolipoprotein A-I 368.7  x     n.s
. 
5530 PPP3CA protein phosphatase 3, 
catalytic subunit, alpha 
isozyme 
368.3       n.s
. 
10396 ATP8A1 ATPase, aminophosphol-
ipid transporter (APLT), 
class I, type 8A, member 1
368.2    x   n.s
. 
1565 CYP2D6 cytochrome P450, family 
2, subfamily D, polypeptide 
6 
367.9    x   n.s
. 
29072 SETD2 SET domain containing 2 367.5       n.s
. 
6714 SRC v-src sarcoma (Schmidt-
Ruppin A-2) viral onco-
gene homolog (avian) 
367.3       11
2885 GRB2 growth factor receptor-
bound protein 2 
367    x   21
5914 RARA retinoic acid receptor, al-
pha 
367  x  x   1 
2890 GRIA1 glutamate receptor, io-
notropic, AMPA 1 
366.9    x   5 
2628 GATM glycine amidinotransferase 
(L-arginine:glycine 
amidinotransferase) 
366.7  x  x   14
2353 FOS FBJ murine osteosarcoma 
viral oncogene homolog 
366.5       33
6915 TBXA2R thromboxane A2 receptor 366    x   n.s
. 
9500 MAGED1 melanoma antigen family 
D, 1 
365.5       1 
9638 FEZ1 fasciculation and elonga-
tion protein zeta 1 (zygin I) 
365.5     x  n.s
. 
3384 ICAM2 intercellular adhesion mo-
lecule 2 
365.1       1 
54332 GDAP1 ganglioside induced differ-
entiation associated pro-
tein 1 
364.9  x     33
672 BRCA1 breast cancer 1, early on-
set 
































































































3725 JUN jun proto-oncogene 363.9    x   10
7416 VDAC1 voltage-dependent anion 
channel 1 
363.8    x   0 
4057 LTF lactotransferrin 363.2    x   1 
5445 PON2 paraoxonase 2 363       0 
7277 TUBA4A tubulin, alpha 4a 360.6    x   0 
51586 MED15 mediator complex subunit 
15 
360     x  n.s
. 
5879 RAC1 ras-related C3 botulinum 
toxin substrate 1 (rho fam-
ily, small GTP binding 
protein Rac1) 
359.9    x   9 
3065 HDAC1 histone deacetylase 1 359.3    x x  0 
6804 STX1A syntaxin 1A (brain) 359.1     x  n.s
. 
4715 NDUFB9 NADH dehydrogenase 
(ubiquinone) 1 beta sub-
complex, 9, 22kDa 
359    x  x n.s
. 
51079 NDUFA13 NADH dehydrogenase 
(ubiquinone) 1 alpha sub-
complex, 13 
359  x  x   0 
9063 PIAS2 protein inhibitor of acti-
vated STAT, 2 
358.3       0 
4804 NGFR nerve growth factor recep-
tor 
357.9       1 
3757 KCNH2 potassium voltage-gated 
channel, subfamily H (eag-
related), member 2 
357.8  x  x   n.s
. 
7384 UQCRC1 ubiquinol-cytochrome c 
reductase core protein I 
357.5    x  x 32
7430 EZR ezrin 357.5       4 
5585 PKN1 protein kinase N1 357.4       11
177 AGER advanced glycosylation 
end product-specific re-
ceptor 
357       2 
7411 VBP1 von Hippel-Lindau binding 
protein 1 
356.6       9 
9378 NRXN1 neurexin 1 356.2       n.s
. 
7280 TUBB2A tubulin, beta 2A class IIa 355.6  x     2 
7299 TYR tyrosinase (oculocutane-
ous albinism IA) 
































































































6897 TARS threonyl-tRNA synthetase 355    x  x 1 
5430 POLR2A polymerase (RNA) II (DNA 
directed) polypeptide A, 
220kDa 
354.1     x  2 
762 CA4 carbonic anhydrase IV 352.5  x  x   n.s
. 
25764 HYPK chromosome 15 open 
reading frame 63 
352.2       0 
1201 CLN3 ceroid-lipofuscinosis, neu-
ronal 3 
350 x      3 
1203 CLN5 ceroid-lipofuscinosis, neu-
ronal 5 
350 x      n.s
. 
1762 DMWD dystrophia myotonica, WD 
repeat containing 
350       23
0 
1959 EGR2 early growth response 2 350  x     48
7 
2055 CLN8 ceroid-lipofuscinosis, neu-
ronal 8 (epilepsy, progres-
sive with mental retarda-
tion) 
350 x      0 
2733 GLE1 GLE1 RNA export media-
tor homolog (yeast) 
350  x     66
3236 HOXD10 homeobox D10 350  x     6 
6726 SRP9 signal recognition particle 
9kDa 
350       3 
6792 CDKL5 cyclin-dependent kinase-
like 5 
350  x     n.s
. 
7070 THY1 Thy-1 cell surface antigen 350       0 
9938 ARHGAP25 Rho GTPase activating 
protein 25 
350       4 
10010 TANK TRAF family member-
associated NFKB activator 
350       n.s
. 
26580 BSCL2 Berardinelli-Seip 
congenital lipodystrophy 2 
(seipin) 
350  x     9 
54982 CLN6 ceroid-lipofuscinosis, neu-
ronal 6, late infantile, vari-
ant 
350  x     2 
79628 SH3TC2 SH3 domain and tetratri-
copeptide repeats 2 
350  x     n.s
. 

































































































114798 SLITRK1 SLIT and NTRK-like fam-
ily, member 1 
350  x     0 
161742 SPRED1 sprouty-related, EVH1 
domain containing 1 
350  x     46
5 
256471 MFSD8 major facilitator super-
family domain containing 8
350  x     n.s
. 
493856 CISD2 CDGSH iron sulfur domain 
2 
350  x     5 
6487 ST3GAL3 ST3 beta-galactoside al-
pha-2,3-sialyltransferase 3 
348.6       2 
11076 TPPP tubulin polymerization 
promoting protein 
348.6       2 
1795 DOCK3 dedicator of cytokinesis 3 348.4       n.s
. 
2332 FMR1 fragile X mental retardation 
1 
348.2 x      13
7447 VSNL1 visinin-like 1 347.9       n.s
. 
3326 HSP90AB1 heat shock protein 90kDa 
alpha (cytosolic), class B 
member 1 
347.7    x  x 1 
8843 GPR109B hydroxycarboxylic acid 
receptor 3 
347.5    x   n.s
. 
10 NAT2 N-acetyltransferase 2 
(arylamine N-
acetyltransferase) 
347.3       n.s
. 
5265 SERPINA1 serpin peptidase inhibitor, 
clade A (alpha-1 
antiproteinase, antitrypsin), 
member 1 
347  x  x   1 
5052 PRDX1 peroxiredoxin 1 346.7       2 
10059 DNM1L dynamin 1-like 346.1      x 4 
10694 CCT8 chaperonin containing 
TCP1, subunit 8 (theta) 
346.1      x 7 
4318 MMP9 matrix metallopeptidase 9 
(gelatinase B, 92kDa 
gelatinase, 92kDa type IV 
collagenase) 
344.5  x  x   0 
4537 ND3 NADH dehydrogenase 
subunit 3 
344.4 x      n.s
. 
6898 TAT tyrosine aminotransferase 344.2  x  x   n.s
. 

































































































185 AGTR1 angiotensin II receptor, 
type 1 
342  x  x   3 
1936 EEF1D eukaryotic translation 
elongation factor 1 delta 
(guanine nucleotide ex-
change protein) 
341.6      x 15
2157 F8 coagulation factor VIII, 
procoagulant component 
341.6    x   2 
2147 F2 coagulation factor II 
(thrombin) 
341.5    x   1 
3043 HBB hemoglobin, beta 341.5  x     2 
135138 PACRG PARK2 co-regulated 341.2       0 
4694 NDUFA1 NADH dehydrogenase 
(ubiquinone) 1 alpha sub-
complex, 1, 7.5kDa 
341  x  x   0 
3162 HMOX1 heme oxygenase (decyc-
ling) 1 
340.8    x   n.s
. 
667 DST dystonin 340.5       n.s
. 
29993 PACSIN1 protein kinase C and ca-
sein kinase substrate in 
neurons 1 
340.5       5 
4790 NFKB1 nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells 1 
339.8    x   n.s
. 
3839 KPNA3 karyopherin alpha 3 (im-
portin alpha 4) 
339.6       n.s
. 
1520 CTSS cathepsin S 339.4    x   0 
5154 PDGFA platelet-derived growth 
factor alpha polypeptide 
339.1       n.s
. 
4023 LPL lipoprotein lipase 337.8  x  x   12
3304 HSPA1B heat shock 70kDa protein 
1B 
336.9     x  n.s
. 
4704 NDUFA9 NADH dehydrogenase 
(ubiquinone) 1 alpha sub-
complex, 9, 39kDa 
336.5    x  x 0 
4719 NDUFS1 NADH dehydrogenase 
(ubiquinone) Fe-S protein 
1, 75kDa (NADH-
coenzyme Q reductase) 
































































































4722 NDUFS3 NADH dehydrogenase 
(ubiquinone) Fe-S protein 
3, 30kDa (NADH-
coenzyme Q reductase) 
336.5 x   x  x 5 
5471 PPAT phosphoribosyl py-
rophosphate amidotransfe-
rase 
335    x   n.s
. 
183 AGT angiotensinogen (serpin 
peptidase inhibitor, clade 
A, member 8) 
334.8  x  x   11
6135 RPL11 ribosomal protein L11 334.8  x   x  0 
3818 KLKB1 kallikrein B, plasma (Flet-
cher factor) 1 
334.6  x     12
10576 CCT2 chaperonin containing 
TCP1, subunit 2 (beta) 
334.2     x x 7 
3376 IARS isoleucyl-tRNA synthetase 333.7    x  x n.s
. 
9510 ADAMTS1 ADAM metallopeptidase 
with thrombospondin type 
1 motif, 1 
333.7       1 
9249 DHRS3 dehydrogenase/reductase 
(SDR family) member 3 
333.6    x   0 
7409 VAV1 vav 1 guanine nucleotide 
exchange factor 
332.6       0 
1537 CYC1 cytochrome c-1 332.5       3 
1759 DNM1 dynamin 1 332.5      x n.s
. 
7385 UQCRC2 ubiquinol-cytochrome c 
reductase core protein II 
332.5     x  4 
10524 KAT5 K(lysine) acetyltransferase 
5 
332.3       12
2 
1999 ELF3 E74-like factor 3 (ets do-
main transcription factor, 
epithelial-specific ) 
332.1       n.s
. 
3105 HLA-A major histocompatibility 
complex, class I, A 
332       22
4233 MET met proto-oncogene 
(hepatocyte growth factor 
receptor) 
332  x  x   1 
338 APOB apolipoprotein B (including 
Ag(x) antigen) 

































































































506 ATP5B ATP synthase, H+ trans-
porting, mitochondrial F1 
complex, beta polypeptide 
331.2     x x n.s
. 
25942 SIN3A SIN3 transcription regula-
tor homolog A (yeast) 
331.2     x  n.s
. 
5479 PPIB peptidylprolyl isomerase B 
(cyclophilin B) 
330.6  x  x   12
161 AP2A2 adaptor-related protein 
complex 2, alpha 2 subunit
330.5     x  1 






330.4       12
4 
3316 HSPB2 heat shock 27kDa protein 
2 
330.1       n.s
. 
2746 GLUD1 glutamate dehydrogenase 
1 
330  x  x  x n.s
. 
4502 MT2A metallothionein 2A 329.9       n.s
. 
26578 OSTF1 osteoclast stimulating fac-
tor 1 
329.9       n.s
. 
2260 FGFR1 fibroblast growth factor 
receptor 1 
329.4  x  x   2 
5478 PPIA peptidylprolyl isomerase A 
(cyclophilin A) 
329.4    x  x 25
2335 FN1 fibronectin 1 329.1  x  x   n.s
. 
9869 SETDB1 SET domain, bifurcated 1 329       12
4 
6572 SLC18A3 solute carrier family 18 
(vesicular acetylcholine), 
member 3 
328.7       n.s
. 
7051 TGM1 transglutaminase 1 (K 




328.7  x  x   0 
3383 ICAM1 intercellular adhesion mo-
lecule 1 
328.6    x   2 
55885 LMO3 LIM domain only 3 (rhom-
botin-like 2) 

































































































5578 PRKCA protein kinase C, alpha 328.2    x   70
51588 PIAS4 protein inhibitor of acti-
vated STAT, 4 




327.6  x  x   n.s
. 
51606 ATP6V1H ATPase, H+ transporting, 
lysosomal 50/57kDa, V1 
subunit H 
327.4     x x 1 
5126 PCSK2 proprotein convertase 
subtilisin/kexin type 2 
327.3    x   1 
3912 LAMB1 laminin, beta 1 327.2    x   n.s
. 
4514 COX3 cytochrome c oxidase 
subunit III 
327       n.s
. 
8659 ALDH4A1 aldehyde dehydrogenase 
4 family, member A1 
326.6  x  x   2 
5824 PEX19 peroxisomal biogenesis 
factor 19 
326.5 x      n.s
. 
7166 TPH1 tryptophan hydroxylase 1 326.1    x   3 
6667 SP1 Sp1 transcription factor 325.3       5 




protein, eta polypeptide 
325.3       n.s
. 
9531 BAG3 BCL2-associated athano-
gene 3 
325.3  x     7 
4144 MAT2A methionine adenosyltrans-
ferase II, alpha 
325    x x x 18
1508 CTSB cathepsin B 324.5    x   1 
793 CALB1 calbindin 1, 28kDa 324.4       1 
7436 VLDLR very low density lipoprotein 
receptor 
324.1      x n.s
. 
5315 PKM2 pyruvate kinase, muscle 323.5    x x x 2 
2316 FLNA filamin A, alpha 323.1  x   x  40
2262 GPC5 glypican 5 323     x  4 
3690 ITGB3 integrin, beta 3 (platelet 
glycoprotein IIIa, antigen 
CD61) 
322.9  x  x   n.s
. 
1915 EEF1A1 eukaryotic translation 
elongation factor 1 alpha 1 
































































































5340 PLG plasminogen 322.8  x  x   2 
6189 RPS3A ribosomal protein S3A 322.8     x x 2 
1213 CLTC clathrin, heavy chain (Hc) 322.7     x x n.s
. 
8502 PKP4 plakophilin 4 321.9       n.s
. 
1462 VCAN versican 321.6  x     0 
10519 CIB1 calcium and integrin bin-
ding 1 (calmyrin) 
321.6       n.s
. 
4087 SMAD2 SMAD family member 2 321.3       n.s
. 
4089 SMAD4 SMAD family member 4 319.6  x     n.s
. 
384 ARG2 arginase, type II 319.4    x   1 
8287 USP9Y ubiquitin specific peptidase 
9, Y-linked 
319.4  x     n.s
. 
9322 TRIP10 thyroid hormone receptor 
interactor 10 
319.4       n.s
. 
156 ADRBK1 adrenergic, beta, receptor 
kinase 1 
319.1    x   3 
4513 COX2 cytochrome c oxidase 
subunit II 
318.7       n.s
. 
3915 LAMC1 laminin, gamma 1 (former-
ly LAMB2) 
318.6    x  x 9 
54541 DDIT4 DNA-damage-inducible 
transcript 4 
318.3       10
6329 SCN4A sodium channel, voltage-
gated, type IV, alpha sub-
unit 
317.5  x  x   n.s
. 
5747 PTK2 PTK2 protein tyrosine ki-
nase 2 
317.2    x x  n.s
. 
55791 C1orf103 ligand dependent nuclear 
receptor interacting factor 
1 
317       7 




protein, theta polypeptide 
316.8       n.s
. 
148 ADRA1A adrenergic, alpha-1A-, 
receptor 

































































































3689 ITGB2 integrin, beta 2 (comple-
ment component 3 recep-
tor 3 and 4 subunit) 
316.3  x  x   3 
136227 EMID2 EMI domain containing 2 315.7       34
8764 TNFRSF14 tumor necrosis factor re-
ceptor superfamily, mem-
ber 14 
314.3       1 
3728 JUP junction plakoglobin 314.1  x     n.s
. 
50848 F11R F11 receptor 313.8       4 
633 BGN biglycan 313.6       5 
515 ATP5F1 ATP synthase, H+ trans-
porting, mitochondrial Fo 
complex, subunit B1 
313.6     x  5 
6628 SNRPB small nuclear ribonucleo-
protein polypeptides B and 
B1 
313.6     x  6 
6422 SFRP1 secreted frizzled-related 
protein 1 
313.5       n.s
. 
4036 LRP2 low density lipoprotein 
receptor-related protein 2 
313.4  x  x   n.s
. 
9546 APBA3 amyloid beta (A4) precur-
sor protein-binding, family 
A, member 3 
313.3       n.s
. 
114928 GPRASP2 G protein-coupled receptor 
associated sorting protein 
2 
313.3       n.s
. 
7087 ICAM5 intercellular adhesion mo-
lecule 5, telencephalin 
311.9       26
4851 NOTCH1 notch 1 311.4  x     n.s
. 
5595 MAPK3 mitogen-activated protein 
kinase 3 
311.2    x   7 
7381 UQCRB ubiquinol-cytochrome c 
reductase binding protein 
311  x   x  11
7917 BAT3 BCL2-associated athano-
gene 6 
310.7     x  11
8 
6774 STAT3 signal transducer and acti-
vator of transcription 3 
(acute-phase response 
factor) 
310.6  x     n.s
. 
10049 DNAJB6 DnaJ (Hsp40) homolog, 
subfamily B, member 6 
































































































1329 COX5B cytochrome c oxidase 
subunit Vb 
310       n.s
. 
1642 DDB1 damage-specific DNA 
binding protein 1, 127kDa 
310       n.s
. 
1810 DR1 down-regulator of tran-
scription 1, TBP-binding 
(negative cofactor 2) 
310       71
2959 GTF2B general transcription factor 
IIB 
310       43
4045 LSAMP limbic system-associated 
membrane protein 
310       16
4978 OPCML opioid binding protein/cell 
adhesion molecule-like 
310  x     n.s
. 
7704 ZBTB16 zinc finger and BTB do-
main containing 16 
310  x     n.s
. 
7802 DNALI1 dynein, axonemal, light 
intermediate chain 1 
310     x  74
8462 KLF11 Kruppel-like factor 11 310  x   x  25
1 
9330 GTF3C3 general transcription factor 
IIIC, polypeptide 3, 
102kDa 
310       66
9818 NUPL1 nucleoporin like 1 310       10
6 
10540 DCTN2 dynactin 2 (p50) 310       1 
11331 PHB2 prohibitin 2 310      x 3 
 
5.2 Interactions of identified connecting proteins with 
neurodegenerative disease proteins (NDPs) 
Connecting protein NDP Type of NDP Disease 
APP APP Wild-type and K670N/M671L AD 
APP Presenilin 1 Wild-type and A431E AD 
APP Presenilin 2 Wild-type AD 
APP Dynactin 1 Wild-type ALS 
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Connecting protein NDP Type of NDP Disease 
APP -synuclein Wild-type and A30P PD 
APP Parkin Wild-type PD 
APP UCHL1 Wild-type PD 
APP DJ-1 Wild-type PD 
APP PINK1 Wild-type PD 
APP Huntingtin Wild-type and Q49 HD 
APP Ataxin-1 Wild-type and Q79 SCA1 
IQSEC1 APP Wild-type and K670N/M671L AD 
IQSEC1 Presenilin 1 Wild-type and A431E AD 
IQSEC1 TDP-43 Wild-type, Q331K and M337V ALS 
IQSEC1 SOD1 Wild-type, A4V, G85R and G93A ALS 
IQSEC1 Alsin Wild-type ALS 
IQSEC1 -synuclein Wild-type, A30P and E46K PD 
IQSEC1 Parkin Wild-type and Q311Stop PD 
IQSEC1 DJ-1 Wild-type PD 
IQSEC1 PINK1 Wild-type PD 
IQSEC1 UCHL1 Wild-type PD 
IQSEC1 Huntingtin Wild-type, Q49, Q51 and Q68 HD 
IQSEC1 Ataxin-1 Wild-type and Q79 SCA1 
ZNF179 APP Wild-type and K670N/M671L AD 
ZNF179 Presenilin 1 Wild-type and A431E AD 
ZNF179 TDP-43 Wild-type, Q331K and M337V ALS 
ZNF179 SOD1 Wild-type, A4V, G85R and G93A ALS 
ZNF179 Dynactin 1 Wild-type ALS 
ZNF179 Optineurin Wild-type ALS 
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Connecting protein NDP Type of NDP Disease 
ZNF179 -synuclein Wild-type, A30P and E46K PD 
ZNF179 Parkin Wild-type and Q311Stop PD 
ZNF179 DJ-1 Wild-type PD 
ZNF179 UCHL1 Wild-type PD 
ZNF179 Huntingtin Wild-type, Q49, Q51, Q68 and Q79 HD 
ZNF179 Ataxin-1 Wild-type and Q79 SCA1 
ZMAT2 Presenilin 1 Wild-type and A431E AD 
ZMAT2 SOD1 Wild-type, A4V, G85R and G93A ALS 
ZMAT2 -synuclein Wild-type, A30P and E46K PD 
ZMAT2 Huntingtin Wild-type, Q49, Q51 and Q79 HD 
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